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The U n i v e r s i t y  o f  Mich igan  B i o l o g i c a l  S t a t i o n  was s s t n b l i s h e d  
i n  1909 a t  Douglas  Lake n e a r  P e l l s t o n ,  Mich igan ,  a s  a  t e a c h i n g  
and r e s e a r c h  f a c i l i t y .  I t  o c c u p i e s  a  10 ,000 -acre  t r a c t  o f  
s e m i - w i l d e r n e s s  i n  n o r t h e r n  lower  Mich igan ,  su r rounded  by  a  
r e m a r k a b l e  v a r i e t y  o f  up land  and lowland  d e c i d u o u s  and c o n i f e r o u s  
f o r e s t s ,  meadows, m a r s h e s ,  b o g s ,  d u n e s ,  l a k e s  and s t r e a m s .  The 
t h r e e  u p p e r  G r e a t  Lakes  - Mich igan ,  Huron and S u p e r i o r  - a r e  
n e a r b y .  As t h e  l a r g e s t  and one o f  t h e  mos t  d i s t i n g u i s h e d  i n l a n d  
b i o l o g i c a l  s t a t i o n s  i n  t h e  w o r l d ,  i t  s e r v e s  a s  an i n t e l l e c t u a l  
m e e t i n g  p l a c e  f o r  b i o l o g i s t s  and s t u d e n t s  from t h e  U n i t e d  S t a t e s  
and around  t h e  w o r l d .  
The B i o l o g i c a l  S t a t i o n  i s  w e l l - e q u i p p e d  f o r  i n v e s t i g a t i o n s  o f  
t h e  d i v e r s e  n a t u r a l  e n v i r o n m e n t s  around i t .  I n  a d d i t i o n  t o  
t h e  modern,  w i n t e r i z e d  L a k e s i d e  L a b o r a t o r y ,  wh i ch  was funded 
b y  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n ,  t h e  S t a t i o n  has  140 
b u i l d i n g s ,  i n c l u d i n g  l a b o r a t o r i e s ,  c l a s s r o o m s ,  and l i v i n g  
q u a r t e r s  f o r  up  t o  300 p e o p l e .  S p e c i a l  f a c i l i t i e s  i n c l u d e  a  
l i b r a r y ,  s t u d y  c o l l e c t i o n s  o f  p l a n t s  and a n i m a l s ,  a  l a r g e  
f l e e t  o f  b o a t s ,  and a  f u l l  a r r a y  o f  modern l a b o r a t o r y  and 
f i e l d  e q u i p m e n t .  The S t a t i o n  o f f e r s  t r a n q u i l i t y  and harmony 
w i t h  n a t u r e  - i t  i s  a  p l a c e  where  p l a n t s  and a n i m a l s  can b e  
s t u d i e d  a s  t h e y  l i v e .  
D r .  David M .  G a t e s ,  D i r e c t o r  o f  t h e  S t a t i o n  s i n c e  1 9 7 1 ,  and 
Mark W .  Paddock,  A s s i s t a n t  t o  t h e  D i r e c t o r ,  have promoted 
new and e x c i t i n g  f i e l d s  o f  r e s e a r c h ,  i n c l u d i n g  problem- 
o r i e n t e d  r e s e a r c h  t o  h e l p  cope  w i t h  emerg ing  e n v i r o n m e n t a l  
p rob l ems .  
The S t a t i o n  i s  c u r r e n t l y  u n d e r t a k i n g  s p e c i f i c  i n v e s t i g a t i o n s  
i n  n o r t h e r n  l o w e r  Mich igan  t o  p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  
l a n d ,  t h e  w a t e r ,  and t h e  p e o p l e  i n  t h e  a r e a .  R e s u l t s  a r e  
made a v a i l a b l e  t o  communi ty  l e a d e r s  f o r  u s e  i n  l o n g - t e r m  l a n d -  
u s e  p l a n n i n g .  I n  a d d i t i o n ,  many r e s e a r c h  p r o j e c t s  a r e  underway ,  
geared  toward a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r e  and f u n c t i o n  
o f  b o t h  a q u a t i c  and t e r r e s t r i a l  e c o s y s t e m s .  
T h i s  p u b l i c a t i o n  i s  one o f  a  s e r i e s  o f  r e p o r t s  t h a t  a r e  i s s u e d  
p e r i o d i c a l l y  t o  d i s s e m i n a t e  i n f o r m a t i o n  on r e s e a r c h  g e n e r a t e d  
a t  t h e  B ioZogicaZ  S t a t i o n .  For f u r t h e r  i n f o r m a t i o n  c o n c e r n i n g  o t h e r  
p u b l i c a t i o n s  i n  t h i s  s e r i e s  o r  i n f o r m a t i o n  on t h e  B i o l o g i c a l  
S t a t i o n  i n  g e n e r a l ,  a d d r e s s  i n q u i r i e s  t o :  The U n i v e r s i t y  o f  
Mich igan  B i o l o g i c a l  S t a t i o n ,  P e l l s t o n ,  Mich igan  4 9 7 6 9  (Phone 
616 -539 -8406 ) .  
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INTRODUCTION 
The U n i v e r s i t y  o f  Michigan B i o l o g i c a l  S t a t i o n  has  been 
s t u d y i n g  4 0  i n l a n d  l a k e s  i n  Cheboygan and Emmet C o u n t i e s ,  
Michigan,  s i n c e  1972.  This  r e s e a r c h  e f f o r t  has  been des igned  
t o  p r o v i d e  e c o l o g i c a l  and s o c i o l o g i c a l  i n f o r m a t i o n  p e r t i n e n t  
t o  management o f  t h e s e  l a k e s  and t h e i r  wa t e r sheds  f o r  t h e  e n -  
hancement o f  l o n g - t e r m  env i ronmen ta l  q u a l i t y .  P r e l i m i n a r y  
r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  a r e  a v a i l a b l e  i n  Gannon and 
Paddock (1974) .  S p e c i f i c  i n f o r m a t i o n  on geo logy ,  hydro logy  
and groundwater  q u a l i t y  was p r e s e n t e d  i n  Richardson  (1978 ) .  
S o c i o l o g i c a l  d a t a  on e v a l u a t i o n s ,  b e h a v i o r s ,  and e x p e c t a t i o n s  
o f  r e s i d e n t s  o f  t h e  s t u d y  a r e a  were r e p o r t e d  by Marans and 
Wellman (1977) .  I n s t a n c e s  o f  u t i l i z a t i o n  o f  i n f o r m a t i o n  gen -  
e r a t e d  i n  t h i s  p r o j e c t  f o r  w a t e r  q u a l i t y  and was t ewa te r  manage- 
ment pu rposes  ha s  been documented by P e l z  (1977) and P e l z  and 
Gannon (1978 ) .  Fu r the rmore ,  i n f o r m a t i o n  w r i t t e n  e s p e c i a l l y  
f o r  l a k e - o r i e n t e d  v i s i t o r s  and r e s i d e n t s  h a s  been p r e p a r e d  i n  
t h e  B i o l o g i c a l  S t a t i o n ' s  Lake land  Repor t  S e r i e s ,  Lake P r o f i l e  
S e r i e s ,  and o t h e r  p u b l i c a t i o n s  (Say e t  a l . ,  1975;  F o s t e r ,  1976;  
0 '  N e i l ,  1977) . 
Crooked and P i c k e r e l  Lakes have been i n v e s t i g a t e d  s i n c e  
t h e  b e g i n n i n g  o f  t h i s  p r o b l e m - o r i e n t e d  r e s e a r c h  e f f o r t .  The 
o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  p r o v i d e  a  summary o f  s a l i e n t  
l i m n o l o g i c a l  f e a t u r e s  o f  t h e s e  two wa te r  b o d i e s .  S p e c i a l  
emphasis  w i l l  be g iven  t o  t h e  c u r r e n t  w a t e r  q u a l i t y  and t r o p h i c  
s t a t u s  o f  Crooked and P i c k e r e l  Lakes and t o  an e s t i m a t e  o f  
n u t r i e n t  (phosphorus  and n i t r o g e n )  s o u r c e s  t o  t h e s e  l a k e s .  
Complimentary i n f o r m a t i o n  on s u i t a b i l i t y  of  l a k e s h o r e  s o i l s  
f o r  o n - s i t e  was t ewa te r  d i s p o s a l  i s  i n c l u d e d  a s  P a r t  I 1  o f  
t h i s  r e p o r t  (Gold and Gannon, 1 9 7 9 ) .  
DESCRIPTION OF STUDY AREA 
Crooked and P i c k e r e l  Lakes a r e  l o c a t e d  n e a r  L i t t l e  T r a v e r s e  
Bay o f  Lake Michigan i n  n o r t h w e s t e r n  lower  Michigan ( F i g .  1 ) .  
They l i e  i n  Emmet County (T35N, R4W) and a r e  bounded by f o u r  
townships  (Bear Creek ,  L i t t l e  T r a v e r s e ,  L i t t l e f i e l d ,  and S p r i n g -  
v a l e ) .  T y p i c a l  o f  most l a k e s  i n  t h i s  r e g i o n ,  t h e y  were formed 
by m e l t e d  i c e  b l o c k s  t h a t  were l e f t  by t h e  r e t r e a t i n g  g l a c i e r  
o v e r  10,000 y e a r s  ago .  These  l a k e s  a r e  t h e  beg inn ing  o f  t h e  
I n l a n d  Water Route ,  a  s e r i e s  o f  i n t e r c o n n e c t i n g  l a k e s  and 
r i v e r s  t h a t  e v e n t u a l l y  empty i n t o  Lake Huron t h rough  t h e  
Cheboygan R i v e r .  , 
Crooked and P i c k e r e l  Lakes have p l a y e d  an i m p o r t a n t  r o l e  
i n  t h e  human h i s t o r y  o f  n o r t h e r n  lower  Michigan.  Al though 
n a t i v e  peop l e  were p r i m a r i l y  o r i e n t e d  towards  t h e  s h o r e l i n e s  
of  Lakes Michigan and Huron, t h e  I n l a n d  Water Route was used 
f o r  p a s s a g e  from Lake Michigan t o  Lake Huron by canoe ,  t h u s  
a v o i d i n g  t h e  more hazardous  j ou rney  a round  Waugoshance P o i n t  




LITTLE TRIVERSE BAY 
F i g .  1. L o c a t i o n  o f  Crooked and  P i c k e r e l  Lakes  i n  n o r t h w e s t e r n  l o w e r  Mich igan  
i n  r e l a t i o n  t o  o t h e r  m a j o r  i n l a n d  l a k e s  o f  t h e  Cheboygan R i v e r  w a t e r s h e d .  
was a l s o  u s e d  e x t e n s i v e l y  f o r  t r a n s p o r t a t i o n  by European voy-  
a g e r s  and s e t t l e r s .  Dur ing  t h e  l o g g i n g  e r a  a round  t h e  t u r n  
of  t h e  c e n t u r y ,  m i l l i o n s  o f  b o a r d  f e e t  o f  w h i t e  p i n e  and  p t h e r  
t i m b e r  were f l o a t e d  down t h e  I n l a n d  Water Route t o  s a w m i l l s ;  
two o f  t h e s e  m i l l s  were l o c a t e d  on Crooked Lake a t  Oden and 
Conway. 
A t  t h e  same t i m e ,  t h e  r a i l r o a d  was b u i l t  i n  t h i s  a r e a  
and p r o v i d e d  an o v e r l a n d  t r a n s p o r t a t i o n  l i n k  t o  t h e  s o u t h .  
Tour ism f l o u r i s h e d  a s  v a c a t i o n e r s  came t o  Crooked and P i c k e r e l  
Lakes by r a i l  and s t a y e d  i n  r e s o r t  h o t e l s  on t h e  l a k e s h o r e s .  
Commercial s t e a m e r s  c a r r i e d  v a c a t i o n e r s  f rom Crooked and 
P i c k e r e l  Lakes t o  M u l l e t t  Lake t h r o u g h  t h e  I n l a n d  Water Route .  
Crooked and P i c k e r e l  Lakes have  c o n t i n u e d  t o  be  p o p u l a r  f o r  
w a t e r - o r i e n t e d  r e c r e a t i o n  t o  t h e  p r e s e n t  day .  To f a c i l i t a t e  
r e c r e a t i o n a l  b o a t i n g  a c t i v i t i e s ,  t h e  Crooked R i v e r  h a s  been 
p e r i o d i c a l l y  d r e d g e d  t o  a  d e p t h  o f  5 f t .  s i n c e  1956.  Water 
l e v e l s  i n  Crooked and P i c k e r e l  Lakes were s t a b i l i z e d  by c o n -  
s t r u c t i o n  o f  a  l o c k  and  w e i r  on t h e  Crooked R i v e r  a t  Alanson 
i n  1964 .  
Crooked Lake was t h e  o n l y  i n l a n d  w a t e r  body i n  n o r t h e r n  
lower  Michigan w i t h  a  r a i l r o a d  t r a v e r s i n g  a  c o n s i d e r a b l e  d i s -  
t a n c e  o f  i t s  s h o r e l i n e .  T h i s  a l l o w e d  f o r  e a r l i e r  r e s o r t  d e v e l -  
opment on Crooked Lake t h a n  on o t h e r  l a k e s  o f  t h e  r e g i o n .  In 
a d d i t i o n  t o  r e s o r t  h o t e l s ,  c o t t a g e s  were b u i l t  n e a r  t h e  r a i l w a y  
a l o n g  t h e  n o r t h  s h o r e ,  e s p e c i a l l y  a t  Conway and Oden. The 
n o r t h  s h o r e  of Crooked Lake was e x t e n s i v e l y  d o t t e d  w i t h  
s e a s o n a l  d w e l l i n g s  i n  t h e  e a r l y  decades  o f  t h i s  c e n t u r y  w h i l e  
t h e  s o u t h  s h o r e  of  t h e  l a k e  and a l l  of  P i c k e r e l  L a k e ' s  s h o r e s  
remained e s s e n t i a l l y  undeve loped .  B u i l d i n g  o f  c o t t a g e s  and 
homes a l o n g  a l l  s h o r e l i n e s  i n c r e a s e d  e s p e c i a l l y  a f t e r  World 
War 11. 
S i n c e  t h e  n o r t h  s h o r e  of  Crooked Lake was f i r s t  t o  be 
deve loped ,  i t  a l s o  was t h e  f i r s t  a r e a  t o  e x p e r i e n c e  p o l l u t i o n  
prob lems .  Contamina t ion  of  n e a r s h o r e  w a t e r  w i t h  human sewage 
was d i s c o v e r e d  a long  t h e  n o r t h  s h o r e ,  e s p e c i a l l y  n e a r  Oden, 
i n  t h e  l a t e  1 9 6 0 ' s  and e a r l y  1 9 7 0 ' s .  To a l l e v i a t e  t h i s  p rob lem,  
a  s a n i t a r y  sewer  was c o n s t r u c t e d  t o  d i v e r t  human sewage away 
from t h e  n o r t h  s h o r e  and i n t o  t h e  Harbor  S p r i n g s  sewage lagoon  
and s p r a y  i r r i g a t i o n  was tewate r  t r e a t m e n t  sys tem.  Al though 
t h e  sewer was completed i n  F a l l  of 1975,  most l a k e s h o r e  r e s i d e n c e s  
were n o t  hooked up t o  t h e  sewer sys tem u n t i l  1976.  Lakeshore  
d w e l l i n g s  on t h e  remainder  of  Crooked Lake ' s  s h o r e l i n e  and a l l  
o f  P i c k e r e l  Lake c o n t i n u e  t o  be s e r v i c e d  by c o n v e n t i o n a l  s e p t i c  
sy s t ems .  
Human sewage was n o t  t h e  o n l y  s o u r c e  of p o l l u t i o n  t o  
Crooked Lake. A s t a t e  f i s h  h a t c h e r y  ha s  e x i s t e d  on t h e  l a k e  
n e a r  Oden s i n c e  1920. The s m a l l  s t r e a m  emanat ing from t h e  
f i s h  h a t c h e r y  was t h e  major  s o u r c e  of  ammonia-ni t rogen and 
t o t a l  phosphorus t o  Crooked Lake i n  1975 (Gannon and Mazur, 
1976 ) .  F u r t h e r  i n f o r m a t i o n  on t h e  f i s h  h a t c h e r y  and n u t r i e n t  
l o a d i n g  t o  Crooked Lake i s  p r e s e n t e d  i n  t h i s  r e p o r t .  
METHODS 
Watershed C h a r a c t e r i s t i c s  
Immediate w a t e r s h e d  a r e a  is  d e f i n e d  h e r e  a s  t h e  a r e a  
bounded by t h e  h i g h e s t  e l e v a t i o n  which c o n t i n u a l l y  s u r r o u n d s  
a  g i v e n  l a k e  w i t h o u t  i n c l u d i n g  o t h e r  l a k e s .  T o t a l  wa t e r shed  
a r e a  i s  t h e  immediate wa te r shed  of  a g iven  l a k e  p l u s  t h e  
immediate  w a t e r s h e d s  o f  a l l  o t h e r  l a k e s  t h a t  s u b s e q u e n t l y  
d r a i n  i n t o  t h e  g i v e n  l a k e .  The w a t e r s h e d  a r e a s  f o r  Crooked 
and P i c k e r e l  Lakes were t r a c e d  from U .  S .  Geo log i ca l  Survey 
q u a d r a n g l e  maps (1 :62 ,  5 0 0  s c a l e )  o n t o  a  b l ank  p i e c e  o f  p a p e r  
and c u t  o u t  w i t h  a  p a i r  o f  s c i s s o r s .  The a r e a  was de t e rmined  
by p a s s i n g  t h e  p i e c e  o f  pape r  d e l i n e a t i n g  t h e  wa te r shed  a r e a  
t h r o u g h  a  Hayashi  De~lko Automat ic  Area Me te r ,  Model AMIS.  
Land-use  t y p e s  and t h e i r  a r e a l  cove rage  were de te rmined  from 
LAVDSAT s a t e l l i t e  d a t a  (Rogers ,  1977 ) .  
L imnolog ica l  C h a r a c t e r i s t i c s  
Morphometric f e a t u r e s  o f  Crooked and P i c k e r e l  Lakes were 
de t e rmined  from h y d r o g r a p h i c  maps compiled by t h e  I n s t i t u t e  f o r  
F i s h e r i e s  Resea rch ,  Michigan Department o f  N a t u r a l  Resou rce s .  
The methods employed b a s i c a l l y  fo l l owed  Welch (1948) and a r e  
d i s c u s s e d  i n  Gannon and Paddock (1974) . 
Phys iochemica l  d a t a  were o b t a i n e d  on a  q u a r t e r l y  b a s i s  
from F a l l ,  1972 t h r o u g h  W i n t e r ,  1975 from a  c e n t r a l  deep 
s t a t i o n  i n  b o t h  l a k e s  [ F i g s .  2 and 3 ) .  Tempera ture  p r o f i l e s  
were r e c o r d e d  a t  one m e t e r  i n t e r v a l s ,  u s i n g  a  Whitney r e s i s t a n c e  
the rmomete r .  L i g h t  t r a n s p a r e n c y  was measured w i t h  a  s t a n d a r d  
S e c c h i  d i s c .  L i g h t  p e n e t r a t i o n  measurements  were o b t a i n e d  w i t h  
a  submar ine  pho tomete r  f i t t e d  w i t h  Weston c e l l s  d u r i n g  Summer 
and W i n t e r .  P e r c e n t  l i g h t  t r a n s m i s s i o n  was c a l c u l a t e d  from t h e  
pho tomete r  r e a d i n g s .  Apparent  c o l o r  o f  t h e  w a t e r  was e s t i m a t e d  
w i t h  a  Hach c o l o r i m e t e r  ( p t - c o  u n i t s ) .  
Water samples  were o b t a i n e d  from t h r e e  t o  f i v e  d e p t h  i n -  
t e r v a l s ,  depend ing  upon t e m p e r a t u r e  p r o f i l e  c h a r a c t e r i s t i c s ,  
w i t h  a  t h r e e - l i t e r  c a p a c i t y  Kernmerer b o t t l e .  D i s s o l v e d  oxygen 
was d e t e r m i n e d  t i t r i o m e t r i c a l l y  w i t h  t h e  a z i d e  m o d i f i c a t i o n  o f  
t h e  Winkler  method (APHA, 1 9 7 1 ) .  A l k a l i n i t y  was measured 
t i t r i o m e t r i c a l l y  w i t h  an  i n d i c a t o r  s o l u t i o n  o f  b r o m o c r e s o l - g r e e n  
and m e t h y l - r e d  (APHA, 1 9 7 1 ) .  S p e c i f i c  conduc tance  was d e t e r m i n e d  
on an I n d u s t r i a l  I n s t r u m e n t s  Model RC-16B2 c o n d u c t i v i t y  b r i 6 g e  
and pH was measured p o t e n t i o m e t r i c a l l y  on e i t h e r  a  Beckman Model 
N o r  Model H - 5  pH m e t e r .  A l l  o f  t h e  above v a r i a b l e s  were a n a l y z e d  
w i t h i n  18  h o u r s  o f  c o l l e c t i o n .  
Samples f o r  r e m a i n i n g  v a r i a b l e s  were f i l t e r e d  and f r o z e n  
f o r  l a t e r  a n a l y s i s .  These samples  were q u i c k - t h a w e d  i n  a  w a t e r  
b a t h  t o  room t e m p e r a t u r e  and chemica l  a n a l y s e s  were c o m p l e t e d  by 
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Fig. 2 Depth contour (morphometric) map of Crooked Lake, showing location of 
sampling stations. Depth contours are in feet. 

were  d e t e r m i n e d  on a  P e r k i n - E l m e r  Model 305 a t o m i c  a b s o r p t i o n  
s p e c t r o p h o t o m e t e r  (EPA, 1974 a ) .  T o t a l  p h o s p h o r u s ,  s o l u b l e -  
r e a c t i v e  p h o s p h o r u s ,  n i t r a t e - n i t r o g e n ,  ammonia -n i t rogen ,  and 
s i l i c a  were d e t e r m i n e d  c o l o r i m e t r i c a l l y  on a  Beckman DB-GT 
s p e c t r o p h o t o m e t e r .  T o t a l  phosphorus  and s o l u b l e - r e a c t i v e  
phosphorus  were measured  u s i n g  a  h y b r i d  method o f  Gales  e t  a l .  
(1966) f o r  d i g e s t i o n  and Schmid and imbuhl  (1965) f o r  n e u t r a l i -  
z a t i o n  and  c o l o r  deve lopment .  N i t r a t e  - n i t r o g e n  and arnmonia- 
n i t r o g e n  were d e t e r m i n e d  by t h e  methods o f  ~ g l l e r  and Widemann 
(1955) and  ~ o l 6 r a z a n o  (19691,  r e s p e c t i v e l y .  S i l i c a  was measured 
u s i n g  t h e  h e t e r o p o l e  b l u e  method (APHA,1971) . C h l o r i d e  was 
d e t e r m i n e d  on t h e  Beckman Model H-5 pH m e t e r  f i t t e d  w i t h  a  s a l t  
b r i d g e  and c h l o r i d e  e l e c t r o d e  (APHA ,19 71) . 
I n  t h e  F a l l  o f  1974 ,  t h e  B i o l o g i c a l  S t a t i o n ' s  c h e m i s t r y  
l a b o r a t o r y  was au tomated .  A Technicon A u t o a n a l y z e r  I 1  was 
u s e d  t o  a n a l y z e  Sep tember ,  1974 and a l l  1975 samples  c o l o r i -  
m e t r i c a l l y  (Techn icon ,  1 9 7 2 - 7 3 ) .  Fo l lowing  t h e  q u i c k - t h a w  p r o -  
c e d u r e ,  c h e m i c a l  measurements  were pe r fo rmed  by t h e  f o l l o w i n g  
methods .  Ammonia-ni t rogen and n i t r a t e  - n i t r o g e n e  a n a l y s e s  were 
pe r fo rmed  i m m e d i a t e l y .  S i m u l t a n e o u s l y ,  sample a l i q u o t s  f o r  
s o l u b l e  and t o t a l  phosphorus  were poured  i n t o  t e s t  t u b e s  and 
p l a c e d  i n  a  g r a v i t y  d r y i n g  oven f o r  s e v e r a l  days  u n t i l  t h e  
sample e v a p o r t e d .  Then t h e  samples  were d i g e s t e d  w i t h  p e r -  
s u l f a t e  (Mentze l  and Corwin,  1 9 6 5 ) ,  r e f r i g e r a t e d  o v e r n i g h t  and 
* N i t r a t e - n i t r o g e n  a n a l y s i s  a l s o  i n c l u d e s  n i t r i t e - n i t r o g e n .  
analyzed t h e  nex t  day.  S i l i c a  ( r e p o r t e d  a s  S i )  and c h l o r i d e  
ana lyses  were performed on thawed samples t h a t  s a t  a t  room 
tempera ture  f o r  one day.  Phosphorus,  ammonia-nitrogen and 
s i l i c a  measurements were determined by automated methods 
(Technicon I n d u s t r i a l  Methods 155-7W, 154-711, and 186-72W), 
s i m i l a r  t o  t h e  manual methods p r e v i o u s l y  used .  N i t r a t e - n i t r o g e n  
was analyzed by a  copper-cadmium r e d u c t i o n  method (Technicon 
I n d u s t r i a l  Method 158-7W). Chlor ide  was measured wi th  a  mercur ic  
th iocyana te  and f e r r i c  ammonium s u l f a t e  automated method (EPA, 1 9 7 4 a ) .  
C o l l e c t i o n  o f  p lankton  samples was made on each survey 
d a t e  from t h e  c e n t r a l  s t a t i o n  i n  both  l a k e s .  A c y l i n d e r - c o n e  
p lankton  n e t  wi th  No. 2 0  ( 7 6  urn) nylon mesh, 0.25-m d i u n e t e r ,  
was towed from nea r  bottom t o  t h e  s u r f a c e .  Samples were ex -  
P 
amined q u a l i t a t i v e l y  f o r  s p e c i e s  compcsi t ion and r e l a t i v e  
abundance. 
A n  Ekman grab  (15 x 1 5  cm) was used t o  c o l l e c t  bottom 
samples a t  t h e  c e n t r a l  s t a t i o n  i n  both  l a k e s  on ly  i n  Summer, 
1973. Samples were s i eved  wi th  a  No. 30 mesh sc reen  and t h e  
i n v e r t e b r a t e s  were i d e n t i f i e d  and enumerated i n  t h e  l a b o r a t o r y .  
Nu t r i en t  Loading Determinat ions 
Sources and q u a n t i t i e s  of phosphorus and n i t r o g e n  t o  
Crooked and P i c k e r e l  Lakes were e s t i m a t e d  from d a t a  c o l l e c t e d  
from Summer, 1975 through Spr ing ,  1 9 7 6 .  N u t r i e n t  chemis t ry  
and o t h e r  l i m n o l o g i c a l  d a t a * ,  u s i n g  p r e v i o u s l y  d e s c r i b e d  
methods,  were o b t a i n e d  a t  t h e  c e n t r a l  s t a t i o n  and s e l e c t e d  
n e a r - s h o r e  s t a t i o n s  i n  b o t h  l a k e s  ( F i g s .  2 and 3 ) .  I n s h o r e  
s t a t i o n s  were l o c a t e d  a t  t h e  mouths o f  i n f l o w i n g  s t r e a m s ,  
a t  t h e  heads  o f  o u t f l o w s ,  and n e a r  c o n c e n t r a t i o n s  o f  human 
development  a l o n g  t h e  s h o r e l i n e .  S t reams  were moni to red  f o r  
d i s c h a r g e  u s i n g  P r i c e  and pygmy c u r r e n t  m e t e r s  and t o t a l  phosphorus  
and i n o r g a n i c  n i t r o g e n  samples  were o b t a i n e d  on a  q u a r t e r l y  
b a s i s  d u r i n g  t h e  s t u d y  p e r i o d .  A n  e s t i m a t e  o f  t o t a l  n i t r o g e n  
was o b t a i n e d  by d o u b l i n g  t h e  i n o r g a n i c  n i t r o g e n  v a l u e s  s i n c e  
a v e r a g e  i n o r g a n i c  and o r g a n i c  f r a c t i o n s  were n e a r l y  e q u a l  i n  
o t h e r  n e a r b y  w a t e r s  (EPA, 1975;  T i e r n e y  e t  a l . ,  1 9 7 6 ) .  
Data  were o b t a i n e d  on t o t a l  phosphorus  and i n o r g a n i c  
n i t r o g e n  c o n t r i b u t i o n s  from p r e c i p i t a t i o n .  Organ i c  n i t r o g e n  
w a s  c o n s i d e r e d  t o  be  n e g l i g i b l e .  P r e c i p i t a t i o n  r e c o r d s  were 
from t h e  n e a r b y  P e l l s t o n  A i r p o r t .  Chemical a n a l y s e s  were 
per formed  on p r e c i p i t a t i o n  samples  c o l l e c t e d  a t  10 s i t e s  i n  
Cheboygan and Emmet c o u n t i e s .  T o t a l  l o a d i n g  from p r e c i p i t a t i o n  
of  2 . 5  kg/km2/yr .  t o t a l  phosphorus  and 1 0 . 6  kg /km2/yr .  t o t a l  
n i t r o g e n  w a s  de t e rmined  from t h e s e  a n a l y s e s .  
* I n  a d d i t i o n  t o  l i m n o l o g i c a l  d a t a ,  i n s h o r e  s t a t i o n s  were 
sampled f o r  c o l i f o r m  b a c t e r i a  i n  Summer, 1975.  Samples 
were c o l l e c t e d  i n  100-ml g l a s s  c o n t a i n e r s  s u p p l i e d  by a  
c o u n t y  s a n i t a r i a n  and prompt ly  s e n t  t o  t h e  Bureau o f  
L a b o r a t o r i e s  o f  t h e  Michigan Department o f  H e a l t h  f o r  
a n a l y s e s .  Al though d a t a  on b o t h  t o t a l  and f e c a l  c o l i f o r m  
b a c t e r i a  were o b t a i n e d ,  o n l y  f e c a l  c o l i f o r m  r e s u l t s  a r e  
r e p o r t e d  h e r e .  
A r e c e n t  s t u d y  by Omernik (19761, who de t e rmined  phos-  
phorus  and n i t r o g e n  e x p o r t  v a l u e s  from v a r i o u s  l a n d  c o v e r s ,  
a p p e a r s  t o  c o n t a i n  d a t a  most  p e r t i n e n t  t o  t h e  wa te r sheds  o f  
Crooked and P i c k e r e l  Lakes .  Watershed l a n d  c o v e r  d a t a  (Table  1 )  
and n u t r i e n t  e x p o r t  v a l u e s  from t h e  n o r t h  and n o r t h e a s t e r n  
f o r e s t  and f o r a g e  r e g i o n  o f  t h e  Un i t ed  S t a t e s  (Table  A - 1 )  were 
employed. Omernik 's  (1976) "most ly  a g r i c u l t u r e "  c a t e g o r y  was 
chosen i n s t e a d  o f  h i s  " a g r i c u l t u r e "  c a t e g o r y  s i n c e  o u r  
" a g r i c u l t u r e / g r a s s l a n d "  g roup ing  c o n t a i n s  b o t h  a c t i v e  and 
f a l l o w  fa rmland .  
N icho l s  and Richardson  ( i n  Gannon and Paddock,  1974)  
made some p r e l i m i n a r y  c a l c u l a t i o n s  on n u t r i e n t  l o a d i n g  from 
s e p t i c  sys tems  t o  l a k e s  i n  Cheboygan and Emrnet C o u n t i e s ,  i n -  
c l u d i n g  Crooked and P i c k e r e l  Lakes .  Assumptions on numbers 
o f  d w e l l i n g  u n i t s ,  l e n g t h  o f  occupancy,  and household  u s e  o f  
p h o s p h a t e - e n r i c h e d  d e t e r g e n t s  were t o o  h i g h .  Fu r the rmore ,  
a s sumpt ions  on n u t r i e n t  movements from s e p t i c  sys tems  t o  t h e  
l a k e s  were n o t  based  on l o c a l  s o i l s  d a t a .  T h e i r  n u t r i e n t  
l o a d i n g s  from s e p t i c  sys tems appea r  t o  be o v e r - e s t i m a t i o n s .  
Consequent ly ,  c o n s i d e r a b l e  e f f o r t  was f o c u s e d  on r e f i n i n g  
e s t i m a t e s  o f  n u t r i e n t  l o a d i n g  from s e p t i c  sys tems  i n  t h i s  
i n v e s t i g a t i o n .  
Loading o f  phosphorus  and n i t r o g e n  t o  Crooked and P i c k e r e l  
Lakes was c a l c u l a t e d  u s i n g  i n f o r m a t i o n  on househo ld  s i z e ,  
l e n g t h  o f  occupancy,  household  usage  of  s e p t i c  s y s t e m s ,  
number o f  d w e l l i n g  u n i t s  on e a c h  s o i l  t y p e ,  and t h e  p e r -  
c e n t a g e  o f  n u t r i e n t s  t h a t  r e a c h  t h e  l a k e  from each  s o i l  
t y p e  from l a k e s i d e  s e p t i c  sy s t ems .  I t  was e s t i m a t e d  from 
t h e  1970 U .  S. census  t h a t  t h e  a v e r a g e  househo ld  s i z e  i n  
Emmet  County w a s  3 .25 p e r s o n s  p e r  d w e l l i n g  u n i t .  The number 
o f  househo lds  w i t h i n  300 f t .  (92m) o f  t h e  s h o r e l i n e  was ob -  
t a i n e d  from t h e  Emmet County E q u a l i z a t i o n  Department and 
y e a r - r o u n d  and s e a s o n a l  occupancy was e s t i m a t e d  d u r i n g  Winte r  
(Gold and Gannon, 1978 ) .  From a  househo ld  s u r v e y  conduc ted  
on n e a r b y  Walloon Lake ( P r o j e c t  CLEAR, 1 9 7 8 ) ,  i t  was e s t i m a t e d  
t h a t  l o a d i n g  o f  phosphorus  t o  s e p t i c  sys tems  f rom d i s h w a t e r  
and l a u n d r y  was t ewa te r  was 0 .83  kg /househo ld /y r .  Dishwashing 
and l a u n d r y  h a b i t s  on Crooked and P i c k e r e l  Lakes were assumed 
t o  be  t h e  same a s  on Walloon Lake.  
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E s t i m a t i o n s  o f  0 .5  k g / p e r s o n / y r  phosphorus  and 5 .4  kg/ 
p e r s o n / y r  n i t r o g e n  (Vo l l enwe ide r ,  1968) were u sed  . a s  t h e  
human was t e  c o n t r i b u t i o n  t o  t h e  s e p t i c  sys tem.  I n c l u d i n g  t h e  
phosphorus  c o n t r i b u t i o n  from d e t e r g e n t s ,  t o t a l  l o a d i n g s  t o  t h e  
s e p t i c  sys tem o f  2.46 kg /househo ld /y r .  phosphorus  and 
17 .55  kg /househo ld /y r  n i t r o g e n  were e s t i m a t e d .  The number 
and t y p e  o f  r e s i d e n c e s  on s p e c i f i c  s o i l  t y p e s  was used  t o  
c a l c u l a t e  t h e  amounts o f  phosphorus  and n i z r o g e n  r e a c h i n g  t h e  
l a k e s .  The t y p e  o f  r e s i d e n c e  was weigh ted  ( i . e . ,  1 . 0  f o r  
y e a r - r o u n d  occupancy,  0 .5  f o r  p o s s i b l e  yea r - round  occupancy 
and 0 . 2 5  f o r  s e a s o n a l  occupancy)  and m u l t i p l i e d  by t h e  number 
o f  r e s i d e n c e s  on each  s o i l  t y p e .  The s o i l s  were i d e n t i f i e d  
and t r a n s c r i b e d  from t h e  Emmet County S o i l  Survey o n t o  t h e  
home l o c a t i o n  map. From s o i l  c h a r a c t e r i s t i c s  such  a s  n a t u r a l  
d r a i n a g e ,  d e p t h  t o  s e a s o n a l  h i g h  groundwate r  ( A l f r e d  e t  a 1  . , 
1 9 7 3 ) ,  and phosphorus  a d s o r p t i o n  c a p a c i t y  (Schne ide r  and 
E r i c k s o n ,  1 9 7 2 ) ,  e s t i m a t i o n s  were made on p e r c e n t a g e  o f  phos-  
phorus  and n i t r o g e n  t h a t  would r e a c h  t h e  l a k e s  t h rough  each  
s o i l  t y p e  from s e p t i c  sy s t ems .  Then s e p t i c  sys tems  n u t r i e n t  
l o a d i n g  was c a l c u l a t e d  from t h e  number and t y p e  o f  r e s i d e n c e  
on each  s o i l  t y p e ,  t h e  t o t a l  n u t r i e n t  i n p u t  p e r  household  
p e r  y e a r ,  and p e r c e n t a g e  o f  n u t r i e n t s  r e a c h i n g  t h e  l a k e  
(Tab l e s  A - 2  t h rough  A - 4 ) .  
RESULTS AND DISCUSSION 
Water q u a l i t y :  Some b a s i c  c o n s i d e r a t i o n s  
Although i n l a n d  l a k e s  a r e  i n d i v i d u a l i s t i c  and e x h i b i t  
t h e i r  own un ique  c h a r a c t e r i s t i c s ,  s c i e n t i s t s  r e c o g n i z e  a  
r e l a t i v e l y  s imp le  system o f  g rouping  and c l a s s i f y i n g  l a k e s  
i n t o  wa te r  q u a l i t y  t y p e s .  O l i g o t r o p h i c  l a k e s  a r e  n u t r i e n t  
poor  and a r e  low i n  p l a n t  and an imal  p r o d u c t i v i t y .  E u t r o p h i c  
l a k e s  a r e  h i g h  i n  n u t r i e n t  c o n t e n t  which s t i m u l a t e s  h i g h  p r o -  
d u c t i o n  o f  p l a n t s  and a n i m a l s .  Lakes e x h i b i t i n g  i n t e r m e d i a t e  
c h a r a c t e r i s t i c s  a r e  termed m e s o t r o p h i c .  
Lake r e s i d e n t s  no rma l ly  e q u a t e  good w a t e r  q u a l i t y  w i t h  
o l i g o t r o p h i c  l a k e s .  These w a t e r  b o d i e s  e x h i b i t  c l e a r  w a t e r s ,  
low t u r b i d i t y  from a l g a e ,  low amounts o f  weed growths ,  and 
f i r m  bot tom s e d i m e n t s .  E u t r o p h i c  l a k e s  a r e  n o r m a l l y  con-  
s i d e r e d  poor  i n  wa te r  q u a l i t y  w i t h  t u r b i d  wa te r s  h igh  i n  a l g a l  
c o n t e n t ,  h igh  amounts o f  u n d e s i r a b l e  weeds, and mucky bottom 
sediments .  S ince  e u t r o p h i c  l a k e s  a r e  more p r o d u c t i v e ,  t hey  
o f t e n  c o n t a i n  h i g h e r  q u a n t . i t i e s  o f  f i s h  than  o l i g o t r o p h i c  
l a k e s .  Consequent ly,  f ishermen may c o n s i d e r  water  q u a l i t y  
i n  e u t r o p h i c  l a k e s  a s  good. However, i n  extreme e u t r o p h i c  
c o n d i t i o n s ,  d e s i r a b l e  f i s h  s p e c i e s  such a s  wa l l eye ,  yel low 
pe rch ,  n o r t h e r n  p i k e ,  and bass  a r e  r e p l a c e d  by l e s s  d e s i r a b l e  
s p e c i e s  such a s  c a r p ,  s u c k e r s ,  and b u l l h e a d s .  In most s i t u a t i o n s ,  
water  q u a l i t y  i n  a wa te r  body has  been determined by i t s  geo-  
l o g i c a l  o r i g i n s  and n a t u r a l  f e a t u r e s  w i t h i n  i t s  watershed .  
I t  i s  t h e  c h a l l e n g e  o f  t h e  r i p a r i a n  community t o  unders tand  
t h e  c u r r e n t  water  q u a l i t y  s t a t u s  of  t h e i r  l a k e  and t o  min i -  
mize adverse  changes i n  q u a l i t y  a s  they  use and develop t h e  
l a k e  and i t s  watershed .  
I d e a l l y ,  c u r r e n t  water  q u a l i t y  d a t a  should  be compared 
wi th  h i s t o r i c a l  r e c o r d s  i n  o r d e r  t o  e s t a b l i s h  any t r e n d s  i n  
water  q u a l i t y  changes.  Unfor tuna te ly ,  h i s t o r i c a l  water  q u a l i t y  
in fo rma t ion  on Crooked and P i c k e r e l  Lakes i s  ex t remely  s c a n t y .  
Temperature,  a l k a l i n i t y ,  d i s s o l v e d  oxygen and pH measurements 
were o c c a s i o n a l l y  c o l l e c t e d  by t h e  F i sh  Div i s ion  of t h e  Michigan 
Department o f  Na tu ra l  Resources du r ing  t h e  p a s t  s e v e r a l  decades.  
An examinat ion o f  t h e s e  r eco rds  d i d  n o t  r e v e a l  any changes i n  
water  q u a l i t y  i n  Crooked o r  P i c k e r e l  Lakes beyond normal y e a r l y  
v a r i a t i o n .  Consequent ly,  c u r r e n t  water  q u a l i t y  s t a t u s  of  t h e s e  
l a k e s  must be determined by i n t e r p r e t i n g  r e c e n t  physicochemical  
and b i o l o g i c a l  d a t a  and by a p p l y i n g  some s i m p l e  t r o p h i c  
s t a t e  models  t h a t  have been deve loped  i n  r e c e n t  y e a r s .  
Watershed  C h a r a c t e r i s t i c s  
The w a t e r s h e d  a r e a s  o f  Crooked and P i c k e r e l  Lakes a r e  
r e l a t i v e l y  l a r g e ,  encompass ing  p a r t s  o f  t h r e e  c o u n t i e s  ( F i g .  4 ) , 
and c o n s i s t  p r i m a r i l y  o f  second  growth d e c i d u o u s  and mixed 
( d e c i d u o u s  and c o n i f e r o u s )  f o r e s t s  ( T a b l e  1) . A g r i c u l t u r e  and 
g r a s s l a n d  c o m p r i s e s  a  l a r g e r  f r a c t i o n  o f  l a n d - u s e  i n  Crooked 
L a k e ' s  w a t e r s h e d  t h a n  i n  P i c k e r e l  L a k e ' s  d r a i n a g e  b a s i n  (Tab le  1). 
However, most a g r i c u l t u r a l  a c t i v i t y  o c c u r s  i n  u p l a n d  a r e a s  away 
from t h e  s h o r e  o f  b o t h  l a k e s .  Marshy and swampy w e t l a n d s  a r e  
an i m p o r t a n t  f e a t u r e  and l i e  p r i m a r i l y  n e a r  t h e  n o r t h  s h o r e  o f  
Crooked Lake and a l o n g  t h e  s o u t h  and e a s t  s h o r e s  o f  P i c k e r e l  
Lake. 
P i c k e r e l  L a k e ' s  w a t e r s h e d  i s  l a r g e  i n  compar ison  t o  i t s  
l a k e  s u r f a c e  a r e a  (Tab le  1 ) .  The l a k e  i s  f e d  m o s t l y  by 
groundwater  s e e p a g e  s i n c e  i t s  i n f l o w i n g  s t r e a m s  a r e  s m a l l .  
-The o u t f l o w  o f  P i c k e r e l  Lake i s  t o  Crooked Lake t h r o u g h  t h e  
C r o o k e d - P i c k e r e l  Channe l ,  a l t h o u g h  r e v e r s e  f l o w  can  sometimes 
o c c u r  depend ing  on wind and c u r r e n t  c o n d i t i o n s .  
Crooked L a k e ' s  immediate  w a t e r s h e d  (11 ,190 ha)  i s  s m a l l e r  
t h a n  P i c k e r e l  L a k e ' s  d r a i n a g e  b a s i n  (13 ,660 h a ) .  However, 
S p r i n g ,  Mud, Round and P i c k e r e l  Lakes a l l  f l o w  i n t o  Crooked 
F i g .  4 The w a t e r s h e d  b o u n d e r i e s  o f  Crooked and P i c k e r e l  Lakes .  
S i n c e  S p r i n g ,  Mud, Round and  P i c k e r e l  Lakes  a l l  d r a i n  
i n t o  Crooked Lake ,  t h e  t o t a l  w a t e r s h e d  a r e a  o f  Crooked 
Lake i n c l u d e s  t h e  d r a i n a g e  b a s i n s  o f  t h e s e  n e i g h b o r i n g  
l a k e s .  
TABLE 1. LAND-USE 'I'YPES IN THE CROOKED AND PICKEREL LAKE WATERSHEDS BASED ON LANDSAT 
DATA (ROGERS, 1 9 7 7 ) .  
CROOKED LAKE PICKEREL LAKE 
Land-Use Type A c r e s  km2 % A c r e s  km2 % 
C o n i f e r o u s  F o r e s t  * 1 , 0 2 5 . 3  4 . 1  3 . 5  2 , 9 8 5 . 0  1 1 . 9  8 . 9  
Dec iduous  F o r e s t  7 , 5 7 9 . 9  3 0 . 3  26 .0  1 3 , 4 0 6 . 0  5 3 . 6  3 9 . 9  
Mixed F o r e s t  4 , 3 4 7 . 4  1 7 . 4  1 5 . 0  6 , 7 2 4 . 6  2 6 . 9  20 .0  
S p a r c e  F o r e s t  * *  
'1'OTAL FOREST 
Urban /Bare  Ground 236 .4  1 . 0  0 . 9  7 3 . 2  0 . 3  0 . 2  
U n c a t e g o r i  zed  , 
TOTAL LAND 
Water  
GRAND 'I'OTAL t 
* I n c l u d e s  b o t h  u p l a n d  a n d  swamp f o r e s t s .  
* *  I n c l u d e s  s h r u b b y  u p l a n d s  a n d  w e t l a n d s .  
* * "  I n c l u d e s  g r a s s y  u p l a n d s  a n d  marshy  w e t l a n d s .  
t T o t a l s  f rom LANDSAT d a t a  d i f f e r  s l i g h t l y  f rom t h o s e  d e t e r m i n e d  w i t h  an a r e a  m e t e r  
( s e e  T a b l e  2 ) .  
Lake. Consequent ly,  Crooked Lake 's  t o t a l  watershed i s  much 
l a r g e r  (25,170 h a ) ,  encompassing i t s  immediate watershed  
and t h e  d r a i n a g e  a r e a s  o f  t h e s e  ne ighbor ing  l a k e s  (F ig .  4 ) .  
Although groundwater seepage i s  undoubtedly a  s i g n i f i c a n t  
source  of  Crooked Lake w a t e r ,  in f lows from Minnehaha Creek 
and o t h e r  s t reams a r e  impor tant  c o n t r i b u t o r s .  The Crooked 
River  i s  t h e  on ly  s u r f a c e  o u t l e t  f o r  Crooked Lake. 
Informat ion  i s  n o t  a v a i l a b l e  on t h e  numbers o f  people  
l i v i n g  i n  t h e  watersheds  of  Crooked and P i c k e r e l  Lakes. The 
r eg ion  i s  predominant ly r u r a l  and s p a r c e l y  popula ted .  Over 
1,800 year - round r e s i d e n t s  were r e p o r t e d  i n  a d j a c e n t  L i t t l e -  
f i e l d  and Spr ingva le  townships*in 1 9 7 0 .  The number of people 
l i v i n g  on o r  n e a r  t h e  l a k e s h o r e s  i s  o f  p a r t i c u l a r  i n t e r e s t  . 
f o r  water  q u a l i t y  c o n s i d e r a t i o n s .  About 4 0 0  dwel l ing  u n i t s  
a r e  l o c a t e d  w i t h i n  90 m o f  t h e  Crooked Lake s h o r e l i n e .  Most 
of  t h e s e  dwe l l ings  a r e  l o c a t e d  on t h e  n o r t h  shore  and a r e  
c u r r e n t l y  s e r v i c e d  by t h e  wastewater  sewer l i n e .  Only 1 1 2  
dwe l l ing  u n i t s  a r e  l o c a t e d  on Crooked Lake 's  sou th  shore and 
on Oden I s l a n d .  P i c k e r e l  Lake i s  more s p a r c e l y  popu la t ed ,  
w i t h  134 dwe l l ing  u n i t s  r e p o r t e d  on o r  n e a r  i t s  s h o r e l i n e  
(Gold and Gannon, 1979) .  
* These townships comprise t h e  l a r g e s t  l a n d  a r e a  i n  t h e  watersheds 
o f  t h e  two l a k e s .  
Limnolog ica l  C h a r a c t e r i s t i c s  
Morphome try 
Crooked Lake i s  abou t  t w i c e  a s  l a r g e  i n  s u r f a c e  a r e a  a s  
P i c k e r e l  Lake.  Crooked Lake i s  a p t l y  named s i n c e  i ts  s h o r e -  
l i n e  i s  so  i r r e g u l a r .  I t s  s h o r e l i n e  development  f a c t o r  i s  
two t imes  h i g h e r  t h a n  P i c k e r e l  Lake and i t s  s h o r e l i n e  i s  
t h r e e  t imes  l o n g e r  t h a n  P i c k e r e l  Lake (Table  2 ) .  Consequen t ly ,  
t h e  p o t e n t i a l  f o r  over -deve lopment  i s  c o n s i d e r a b l y  g r e a t e r  on 
Crooked Lake t h a n  on P i c k e r e l  Lake. Both l a k e s  a r e  mode ra t e ly  
deep w i t h  maximum d e p t h s  o v e r  18 m .  The a v e r a g e  d e p t h  o f  
P i c k e r e l  Lake ( 3 . 9  m) i s  s l i g h t l y  g r e a t e r  t h a n  Crooked Lake 
(3 .0  m ) .  Both l a k e s  c o n t a i n  l a r g e  expanses  o f  s h a l l o w  a r e a s  
s u i t a b l e  f o r  development o f  weed beds  t h a t  p r o v i d e  f a v o r a b l e  
h a b i t a t  f o r  f i s h e s  ( F i g .  2 ,  F i g .  3 ,  Table  2 )  . 
The c u r r e n t  wa t e r  q u a l i t y  i s  g e n e r a l l y  good i n  b o t h  
Crooked and P i c k e r e l  Lakes and t h e  q u a n t i t y  o f  w a t e r  f l owing  
i n  and o u t  o f  them i s  a t  l e a s t  p a r t i a l l y  r e s p o n s i b l e .  Water 
r e s i d e n c e  t ime  i s  t h e  amount o f  t ime  w a t e r  remains  i n  t h e  
l a k e ' s  b a s i n  b e f o r e  be ing  comple t e ly  r e p l a c e d  by i n f l o w i n g  
w a t e r .  C a l c u l a t i o n s  o f  wa t e r  r e s i d e n c e  t imes  f o r  t h e s e  l a k e s  
i s  somewhat compl i ca t ed  by t h e  hydro logy  o f  t h e  C r o o k e d - P i c k e r e l  
Channel ,  s i n c e  c u r r e n t s  a l t e r n a t e l y  f low i n  and o u t  o f  t h e  
c h a n n e l .  However, t h e  n e t  f low i s  from P i c k e r e l  t o  Crooked Lake. 
Fur thermore ,  because  of t h e  g e o g r a p h i c a l  l o c a t i o n s  o f  t h e  channe l  
and Oden I s l a n d ,  i t  a p p e a r s  t h a t  w a t e r  from t h e  channe l  i s  d i s -  

cha rged  p r i m a r i l y  t h rough  Crooked R i v e r  and does  n o t  s i g n i f i -  
c a n t l y  mix w i t h  Crooked Lake w a t e r  wes t  o f  t h e  i s l a n d .  Water 
from t h e  Crooked -P i cke re l  Channel compr i s e s  abou t  3 9 %  o f  t h e  
f low o f  t h e  Crooked R i v e r ,  w h i l e  t h e  remain ing  61% r e p r e s e n t s  
t h e  o u t f l o w i n g  w a t e r s  o f  Crooked Lake.  The w a t e r  r e s i d e n c e  
t imes  f o r  Crooked and P i c k e r e l  Lakes have been e s t i m a t e d  a s  
4 . 2  and 4 . 7  months ,  r e s p e c t i v e l y .  Al though t h e s e  l a k e s  con-  
t a i n  a  r e l a t i v e l y  l a r g e  volume o f  w a t e r ,  t h e y  b o t h  have com- 
p a r a t i v e l y  s h o r t  w a t e r  r e s i d e n c e  t i m e s  and can  f l u s h  o u t  
p o l l u t i o n  i n p u t s  r a t h e r  q u i c k l y .  I n  c o n t r a s t ,  n e a r b y  Walloon 
Lake h a s  a  w a t e r  r e s i d e n c e  t ime  o f  3.2 y e a r s  a n d ,  t h e r e f o r e ,  
i s  more s e n s i t i v e  t o  p o l l u t i o n  t h a n  Crooked and P i c k e r e l  Lakes .  
# 
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Crooked and P i c k e r e l  Lakes a r e  b a s i c a l l y  s i m i l a r  i n  most 
phys icochemica l  c h a r a c t e r i s t i c s .  Both l a k e s  t h e r m a l l y  s t r a t i f y  
d u r i n g  Summer. A un i fo rmly  warm l a y e r ,  t h e  e p i l i m n i o n , '  g e n e r -  
a l l y  e x t e n d s  from t h e  s u r f a c e  t o  abou t  8 m .  A zone o f  r a p i d  
t e m p e r a t u r e  change ,  c a l l e d  t h e  t h e r m o c l i n e ,  o c c u r s  from 8 m 
t o  1 3  m .  The d e e p e s t  p o r t i o n  o f  t h e  l a k e  from 1 3  m t o  t h e  
bot tom i s  un i fo rmly  c o l d  and i s  known a s  t h e  hypol imnion .  
Wind g e n e r a t e d  c u r r e n t s  a r e  p r i m a r i l y  c o n f i n e d  t o  t h e  ep i lmn ion  
d u r i n g  Summer. Two comple te  c i r c u l a t i o n  p e r i o d s  o c c u r  i n  
Sp r ing  and F a l l  when t h e  l a k e  i s  mixed from t o p  t o  bo t tom.  
S l i g h t  i n v e r s e  s t r a t i f i c a t i o n  o c c u r s  d u r i n g  Winte r  under  i c e  
cove r  when t e m p e r a t u r e s  a r e  s l i g h t l y  warmer n e a r  bo t tom t h a n  
t h e y  a r e  n e a r  t h e  s u r f a c e .  The o n s e t  and d u r a t i o n  o f  i c e  c o v e r  
v a r i e s  from yea r  t o  y e a r ,  depending on me teo ro log ica l  con-  
d i t i o n s .  Genera l ly ,  i c e  cover  remains from mid-December t o  
e a r l y  A p r i l .  I c e  d i s a p p e a r s  from Crooked Lake i n  Spr ing  
e a r l i e r  t han  most o t h e r  l a k e s  o f  t h e  r e g i o n ,  presumably because 
of  groundwater seepage e s p e c i a l l y  a long t h e  n o r t h  s h o r e .  
Crooked and P i c k e r e l  Lakes c o n t a i n  c l e a r ,  u n s t a i n e d  
w a t e r s  t h a t  a l l o w  f o r  e x c e l l e n t  l i g h t  p e n e t r a t i o n .  Trans-  
parency ,  a s  measured by t h e  Secchi  d i s c ,  was on ly  s l i g h t l y  
g r e a t e r  i n  P i c k e r e l  Lake than i n  Crooked Lake (Table 3 ) .  
Both l a k e s  c o n t a i n  ha rd  water  wi th  h igh  c o n c e n t r a t i o n s  of  
a l k a l i n i t y ,  s p e c i f i c  conductance,  and i o n i c  c o n s t i t u e n t s ,  
e s p e c i a l l y  calcium and magnesium. The wa te r s  a r e  a l k a l i n e  
wi th  pH g e n e r a l l y  above 8 . 0  throughout  t h e  p h o t i c  zone. 
The i n o r g a n i c  n u t r i e n t s ,  phosphorus and n i t r o g e n ,  average  
s l i g h t l y  h i g h e r  i n  Crooked Lake than  i n  P i c k e r e l  Lake. In 
c o n t r a s t ,  s i l i c a  c o n c e n t r a t i o n s  a r e  s l i g h t l y  h ighe r  i n  P i c k e r e l  
Lake (Tables  3 and 4 ) .  
Phosphorus i s  cons ide red  t o  be t h e  l i m i t i n g  n u t r i e n t  f o r  
p l a n t  growth i n  both  Crooked and P i c k e r e l  Lakes because s o l u b l e  
and t o t a l  phosphorus c o n c e n t r a t i o n s  a r e  ex t remely  low r e l a t i v e  
t o  n i t r o g e n .  The low amount of  phosphorus i n  t h e  water  i s  a t  
l e a s t  p a r t i a l l y  c o n t r o l l e d  by chemical i n t e r a c t i o n s  between 
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ca l c ium and i n o r g a n i c  c a r b o n ,  a  s i t u a t i o n  conduc ive  f o r  mar l  
d e p o s i t i o n .  Marl is  p r e c i p i t a t e d  ca l c ium c a r b o n a t e  (CaC03) 
o r  l i m e ,  and forms t h e  c h a r a c t e r i s t i c  g r a y i s h - w h i t e ,  c l a y - l i k e  
bottom sed imen t s  and c o a t i n g s  on rock  and o t h e r  f i r m  s u b s t r a t e s  
Phosphorus i o n s  i n  t h e  w a t e r  column adso rb  on mart p a r t i c l e s ,  
s e t t l e  i n t o  t h e  bot tom sed imen t s  and become u n a v a i l a b l e  t o  
s t i m u l a t e  a l g a e  and weed growths .  
A s  l ong  as d i s s o l v e d  oxygen c o n t e n t  remains  h i g h ,  c o -  
p r e c i p i t a t i o n  of  phosphorus  w i t h  marl i s  an  i m p o r t a n t  mechanism 
i n  m a i n t a i n i n g  h i g h  w a t e r  q u a l i t y  i n  Crooked and P i c k e r e l  Lakes .  
However, under  a n a e r o b i c  c o n d i t i o n s ,  phosphorus  i s  r e l e a s e d  from 
t h e  s ed imen t s  and becomes a v a i l a b l e  f o r  p l a n t  g rowth .  C u r r e n t l y ,  
a n a e r o b i c  c o n d i t i o n s  a r e  c o n f i n e d  t o  t h e  n e a r  bot tom w a t e r s  o f  
t h e  d e e p e s t  p o r t i o n s  o f  Crooked and P i c k e r e l  Lakes d u r i n g  t h e  
Summer s t r a t i f i c a t i o n  p e r i o d .  During t h e  Summers o f  1973  and 
1974,  t h e  bot tom 4 m o f  Crooked Lake and t h e  bot tom 2 m o f  
P i c k e r e l  Lake c o n t a i n e d  l e s s  t h a n  1% s a t u r a t i o n  o f  d i s s o l v e d  
oxygen. Consequent ly ,  d i s s o l v e d  oxygen d e p l e t i o n  i n  t h e  hypo - 
l imn ion  i s  s l i g h t l y  g r e a t e r  i n  Crooked Lake t h a n  i n  P i c k e r e l  
Lake.  
C h e m i s t r y  and b a c t e r i a :  Near - shore  c o n d i t i o n s  
N u t r i e n t  c h e m i s t r y  and c o l i f o r m  b a c t e r i a  t e s t s  were con -  
d u c t e d  on n e a r - s h o r e  a r e a s  and a t  mouths o f  i n f l o w i n g  s t r e a m s  
o f  Crooked and P i c k e r e l  Lakes i n  o r d e r  t o  l o c a t e  any "ho t  s p o t s 1 '  
of  human was tewater  con tamina t ion .  
The h i g h e s t  c o n c e n t r a t i o n s  o f  t o t a l  phosphorus o c c u r r e d  
i n  t h e  s t r e a m  e m m a t i n g  from t h e  Oden F i sh  Hatchery  on 
Crooked Lake d u r i n g  a l l  s e a s o n s .  Phosphorus below t h e  f i s h  
h a t c h e r y  was 1 5  t imes  h i g h e r  t han  a t  t h e  Crooked Lake c e n t r a l  
s t a t i o n  d u r i n g  summer ( F i g ,  5 ) .  High c o n c e n t r a t i o n s  i n  com- 
p a r i s o n  w i t h  t h e  c e n t r a l  s t a t i o n  were a l s o  observed  n e a r  t h e  
v i l l a g e  of  Oden and o f f  Oden I s l a n d ' s  west  s i d e .  Phosphorus 
v a l u e s  below a  s m a l l ,  p r i v a t e  f i s h  pond ( S t a t i o n  No. 4c) d i d  
n o t  d i f f e r  s i g n i f i c a n t l y  from c e n t r a l  s t a t i o n  v a l u e s .  
The s t r eams  below b ~ t h  t h e  S t a t e  and p r i v a t e  f i s h  
c u l t u r e  f a c i l i t i e s  were c o n s i s t e n t l y  h igh  i n  i n o r g a n i c  n i t r o g e n  
d u r i n g  a l l  s e a s o n s .  Values  a t  t h e s e  r e s p e c t i v e  l o c a t i o n s  were 
19 and 2 5  - t imes  h i g h e r  t h a n  a t  t h e  c e n t r a l  s t a t i o n  i n  summer 
(F ig .  6 ) .  Other  compara t ive ly  h igh  i n o r g a n i c  n i t r o g e n  con-  
c e n t r a t i o n s  were n o t e d  n e a r  t h e  v i l l a g e s  o f  Conway and Pon- 
shewaing and a t  t h e  mouth o f  Minnehaha Creek ( F i g .  6 ) .  
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F i g .  6 Comparison o f  i n o r g a n i c  n i t r o g e n  (NO - N ,  N O 3 - N  and  NH3-N) c o n c e n t r a t i o n s  ( u g / l )  
be tween  t h e  c e n t r a l  s t a t i o n  and  s e l e z t e d  n e a r - s h o r e  l o c a t i o n s  i n  Crooked Lake 
d u r i n g  summer, 1 9 7 5 .  
C o l i f o r m  b a c t e r i a  d a t a  were o b t a i n e d  o n l y  i n  Summer, 1 9 7 5 .  
Only t h e  s t a t i o n  n e a r  Conway was c o n t a m i n a t e d  w i t h  f e c a l  c o l i -  
form b a c t e r i a  (1600 c o l o n i e s / m l )  . * Low b a c t e r i a l  c o u n t s  were  
o b s e r v e d  e l s e w h e r e  a l o n g  t h e  s h o r e s  o f  Crooked Lake ( F i g .  7 ) .  
I n  c o n t r a s t  t o  Crooked Lake ,  c o n c e n t r a t i o n s  o f  phosphorus  
and n i t r o g e n  i n  t h e  n e a r - s h o r e  a r e a s  o f  P i c k e r e l  Lake were  
a l m o s t  i d e n t i c a l  w i t h  c e n t r a l  s t a t i o n  v a l u e s  d u r i n g  a l l  s e a s o n s  
a l t h o u g h  o n l y  Summer d a t a  a r e  p r e s e n t e d  h e r e  ( F i g s .  8 and 9 ) .  
A r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  o f  i n o r g a n i c  n i t r o g e n  was r e -  
c o r d e d  o n l y  once a t  S t a t i o n  No. 1 5  ( F i g .  9 ) .  F e c a l  c o l i f o r m  
b a c t e r i a  c o u n t s  i n  Summer, 1975 were low t h r o u g h o u t  P i c k e r e l  
Lake and d i d  n o t  i n d i c a t e  any s o u r c e s  o f  human c o n t a m i n a t i o n  
( F i g .  1 0 ) .  
B i o l o g y  
D e t a i l e d  p h y t o p l a n k t o n  d a t a  a r e  n o t  a v a i l a b l e  f o r  Crooked 
and P i c k e r e l  L a k e s .  Q u a l i t a t i v e  o b s e r v a t i o n s  i n d i c a t e  t h a t  
b o t h  l a k e s  a r e  i n  a  h e a l t h y  w a t e r  q u a l i t y  c o n d i t i o n .  A l though  
f i l a m e n t o u s  b l u e - g r e e n  a l g a e  a r e  p r e s e n t  i n  b o t h  l a k e s ,  t h e y  
r a r e l y  form a  p redomina te  component o f  t h e  a l g a l  community.  
* The Michigan Department  o f  H e a l t h  c o n s i d e r s  w a t e r s  w i t h  
f e c a l  c o l i f o r m  b a c t e r i a  c o u n t s  g r e a t e r  t h a n  200/ml t o  be  
p o l l u t e d  and u n f i t  f o r  b o d i l y  c o n t a c t ,  s u c h  a s  swimming. 

Crooked - P i c k e r e l  
Channel  
State Fo 
PICKEREL L A K E  
EMMET CO., MICH. 
TOTAL PHOSPHORUS ( u g /  I )  
SCALE 
FEET - 
S U M M E R ,  1 9 7 5  
0 
- i  
METERS 
0 300 600 
Fig. 8 Comparison of total phosphorus concentrations (pg/l) between the central 
station and selected near-shore locations in Pickerel Lake during Summer, 1975. 
C r o o k e d - P i c k e r e l  
Channel  
S ta te  Forest C k .  
Cedar  C k .  - 
P I C K E R E L  L A K E  
EMMET CO.. MICH. 
SCALE 
FEET I N O R G A N I C  N I T R O G E N  ( u g / l )  0 
S U M M E R ,  1 9 7 5  -O0 
METERS 
F i g .  9  Comparison of  i n o r g a n i c  n i t r o g e n  c o n c e n t r a t i o n s  ( u g / l )  be tween  t h e  c e n t r a l  
s t a t i o n  and  s e l e c t e d  n e a r - s h o r e  l o c a t i o n s  i n  P i c k e r e l  Lake d u r i n g  Summer, 1 9 7 5 .  

S u b s t a n t i a l  a l g a l  blooms have  n o t  been o b s e r v e d  i n  P i c k e r e l  
Lake.  I n  c o n t r a s t ,  a l g a l  b looms,  u s u a l l y  c o n s i s t i n g  o f  d i a t o m s  
and Dinobryon ,  have  been  n o t i c e a b l e  i n  Crooked Lake.  
C h l o r o p h y l l  a ,  a measure  o f  t h e  q u a n t i t y  o f  a l g a e ,  was 
s l i g h t l y  h i g h e r  i n  Crooked Lake t h a n  i n  P i c k e r e l  Lake ( T a b l e  4 ) .  
A l though  c h l o r o p h y l l  a  a v e r a g e d  n e a r  3 . 0  y g / l  i n  t h e  p h o t i c  
zone d u r i n g  Summer f o r  b o t h  l a k e s ,  t h e  maximum r e c o r d e d  v a l u e  
was h i g h e r  f o r  Crooked Lake ( 8 . 9  y g / l  i n  F a l l ,  1974)  t h a n  f o r  
P i c k e r e l  Lake ( 4 . 2  y g / l  i n  S p r i n g ,  1 9 7 4 ) .  P h y t o p l a n k t o n  com- 
p o s i t i o n  and c h l o r o p h y l l  a  i n d i c a t e  t h a t  t h e  w a t e r s  o f  b o t h  
Crooked and P i c k e r e l  Lakes a r e  o l i g o - m e s o t r o p h i c ,  w i t h  Crooked 
Lake s l i g h t l y  c l o s e r  t o  t h e  e u t r o p h i c  s i d e  o f  t h e  t r o p h i c  c o n -  
t inuum . 
S p e c i e s  c o m p o s i t i o n  o f  zoop lank ton  was b a s i c a l l y  s i m i l a r  
i n  Crooked and P i c k e r e l  Lakes .  There  was a  g e n e r a l  a b s e n c e  o f  
s p e c i e s  i n d i c a t i v e  o f  ex t r eme  o l i g o t r o p h i c  o r  e u t r o p h i c  w a t e r s  
i n  b o t h  l a k e s  a n d ,  t h e r e f o r e ,  zoop lank ton  c o m p o s i t i o n  was most 
c h a r a c t e r i s t i c  o f  m e s o t r o p h i c  c o n d i t i o n s .  The g r e a t e r  r e l a t i v e  
abundance  o f  t h e  c l a d o c e r a n ,  Chydorus sphaericus ,  i n  Crooked 
Lake i n d i c a t e s  t h a t  t h e  w a t e r s  o f  Crooked Lake a r e  s l i g h t l y  
more e u t r o p h i c  t h a n  P i c k e r e l  Lake ( B r i c k e r  and Gannon, u n p u b l i s h e d  
d a t a ) .  Crooked Lake c o n t a i n e d  t h e  o l i g o - m e s o t r o p h i c  i n d i c a t o r  
r o t i f e r s ,  NothoZca f o Z i a c e a ,  N .  m i c h i g a n e n s i s ,  and S y n c h a e t a  
asymmetr ica ,  a s  w e l l  a s  t h e  e u t r o p h i c  i n d i c a t o r s ,  P o Z y a r t h r a  
e u r y p t e r a  and T r i c h o c e r c a  m u l t i c r i n i s .  S i m i l a r l y ,  t h e  o l i g o -  
meso t roph i c  i n d i c a t i v e  r o t i f e r s  , C o n o c h i Z o i d e s  n a t a n s ,  and 
1V. r n i c h i g a n e n s i s ,  a s  w e l l  a s  t h e  e u t r o p h i c  s p e c i e s ,  P. e u r y p t e r a  
and T ,  m u Z t i c r i n i s ,  o c c u r r e d  i n  P i c k e r e l  Lake (S t emberge r ,  un-  
p u b l i s h e d  d a t a ) .  
S i m i l a r l y ,  t h e  compos i t i on  o f  t h e  b e n t h i c  o rgan isms  i n  
Crooked and P i c k e r e l  Lakes were i n d i c a t i v e  o f  w a t e r  b o d i e s  
meso t roph i c  i n  c h a r a c t e r .  Both l a k e s  c o n t a i n e d  o l i g o t r o p h i c  
i n d i c a t o r s  such  a s  t h e  burrowing mayf ly  nymph, Hexagen ia ,  and 
f i n g e r n a i l  c l a m s , S p h a e ~ i w n .  L ikewi se ,  e u t r o p h i c  i n d i c a t o r s  such  
a s  t h e  o l i g o c h a e t e  worm, Limnodr iZus  ho f f m e i s t e r i ,  and s e v e r a l  
gene ra  o f  chr ionomid midge l a r v a e  were obse rved  i n  b o t h  l a k e s .  
The Shannon-Weiner s p e c i e s  d i v e r s i t y  i ndex  was s l i g h t l y  h i g h e r  
i n  P i c k e r e l  Lake (0 .57)  t h a n  i n  Crooked Lake ( 0 . 4 3 ) ,  and i s  
i n d i c a t i v e  o f  s l i g h t l y  more o l i g o t r o p h i c  c o n d i t i o n s  i n  P i c k e r e l  
Lake t h a n  i n  Crooked Lake (Weid, unpub l i shed  d a t a ) .  
An examina t ion  o f  Michigan Department o f  N a t u r a l  Resources  
r e c o r d s  r e v e a l s  t h a t  bo th  Crooked and P i c k e r e l  Lakes c o n t a i n  
f i s h  p o p u l a t i o n s  i n d i c a t i v e  of  h e a l t h y  w a t e r  q u a l i t y  c o n d i t i o n s .  
D e s i r a b l e  s p e c i e s ,  such  a s  n o r t h e r n  p i k e ,  w a l l e y e ,  b l a c k  b a s s ,  
ye l l ow  p e r c h ,  and b l u e g i l l  a r e  p r e v a l e n t  i n  bo th  l a k e s .  Growth 
r a t e s  o f  t h e s e  f i s h e s  a r e  n e a r  s t a t e - w i d e  ave rages  i n  b o t h  
Crooked and P i c k e r e l  Lakes ,  
T r o p h i c  S t a t e  
I t  i s  r e a d i l y  a p p a r e n t  from t h e  p r eced ing  l i m n o l o g i c a l  
i n v e n t o r y  t h a t  Crooked and F i c k e r e l  Lakes a r e  i n  good w a t e r  
q u a l i t y  c o n d i t i o n .  Phys iochemica l  d a t a  and b i o l o g i c a l  i n d i c e s  
o f  w a t e r  q u a l i t y  s u g g e s t  t h a t  b o t h  l a k e s  b o r d e r  between o l i g o -  
t r o p h y  and mesotrophy ( i  . e . ,  o l i g o  -meso t roph i c )  on t h e  t r o p h i c  
cont inuum of l a k e  t y p e s ,  w i t h  Crooked Lake somewhat more meso- 
t r o p h i c  t h a n  P i c k e r e l  Lake.  In  o t h e r  words ,  Crooked Lake i s  
o n l y  s l i g h t l y  p o o r e r  i n  w a t e r  q u a l i t y  t h a n  P i c k e r e l  Lake.  B e t t e r  
d e f i n i t i o n  o f  t h e  t r o p h i c  s t a t u s  o f  t h e s e  l a k e s  can be o b t a i n e d  
by a p p l y i n g  some s imp le  c r i t e r i a  and i n d i c e s  o f  t r o p h i c  c o n d i t i o n .  
Summer ave rage  c h l o r o p h y l l  a ,  t o t a l  phospho rus ,  and Secch i  
d i s c  t r a n s p a r e n c y  have f r e q u e n t l y  been u sed  t o  e s t a b l i s h  t h e  
t r o p h i c  s t a t e  o f  l a k e s .  Al though t h e  a c t u a l  v a l u e s  d i f f e r e n t i -  
a t i n g  t r o p h i c  l e v e l s  a r e  somewhat s u b j e c t i v e ,  c r i t e r i a  e s t a b l i s h e d  
by EPA (1974b)have been w i d e l y  u sed  i n  r e c e n t  y e a r s .  Using EPA 
( 1 9 7 4 b ) c r i t e r i a ,  Crooked and . P i c k e r e l  Lakes a r e  b o t h  o l i g o t r o p h i c  
ba sed  on c h l o r o p h y l l  a .  Crooked Lake i s  meso t roph i c  based  on 
t o t a l  phosphorus  and Secch i  d i s c  t r a n s p a r e n c y ,  and P i c k e r e l  Lake 
i s  o l i g o - m e s o t r o p h i c  u s i n g  t h e s e  v a r i a b l e s ( F i g .  11). Ch lo rophy l l  a 
and t o t a l  phosphorus  a r e  p r o b a b l y  b e t t e r  t h a n  t r a n s p a r e n c y  i n  
a s s e s s i n g  t h e  t r o p h i c  c o n d i t i o n  i n  t h e s e  l a k e s .  Transparency  
i s  a f f e c t e d  by s u s p e n s i o n  o f  mar l  f l o c  a s  w e l l  a s  by a l g a l  t u r b i d -  
i t y  i n  b o t h  l a k e s .  T h e r e f o r e ,  S e c c h i  d i s c  r e a d i n g s  a r e  n o t  
s u f f i c i e n t l y  a c c u r a t e  f o r  p r e d i c t i n g  t r o p h i c  c o n d i t i o n s  i n  such 
l a k e s .  N e v e r t h e l e s s ,  a l l  t h r e e  v a r i a b l e s  i n d i c a t e  t h a t  Crooked 
Lake i s  s l i g h t l y  c l o s e r  t o  t h e  e u t r o p h i c  end o f  t h e  t r o p h i c  
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F i g .  11 T r o p h i c  c l a s s i f i c a t i o n  o f  Crooked  and  P i c k e r e l  Lakes  
b a s e d  on t h r e e  l i n m o l o g i c a l  v a r i a b l e s  a n d  u s i n g  c r i t e r i a  
e s t a b l i s h e d  by  EPA ( 1 9 7 4 b ) .  
Recogn iz ing  t h e  r e l a t i o n s h i p s  o f  c h l o r o p h y l l  a ,  t o t a l  
phosphorus  and  S e c c h i  d i s c  t r a n s p a r e n c y  t o  t r o g h i c  c o n d i t i o n ,  
C a r l s o n  (1977) d e v e l o p e d  a  t r o p h i c  s t a t e  i n d e x  (TSI) b a s e d  
on t h e s e  v a r i a b l e s .  Lakes a r e  r a t e d  on a  s c a l e  o f  1 - 1 0 0  w i t h  
h i g h e r  numbers  r e p r e s e n t i n g  more e u t r o p h i c  w a t e r s .  C a r l s o n ' s  
i n d e x  c a n  be computed f o r  t h e  t h r e e  v a r i a b l e s  i n d e p e n d e n t l y  
o r  a  w e i g h t e d  c o m b i n a t i o n  o f  a l l  t h r e e  can  be  employed.  Be- 
c a u s e  S e c c h i  d i s c  r e a d i n g s  can  be  m i s l e a d i n g  i n  m a r l  l a k e s  
and  b e c a u s e  o t h e r  n u t r i e n t s  b e s i d e s  phosphorus  c a n  sometimes 
become l i m i t i n g  t o  a l g a l  growth  i n  Summer, I have  chosen  t o  use  
C a r l s o n ' s  i n d e x  b a s e d  on c h l o r o p h y l l  a f o r  Crooked and P i c k e r e l  
Lakes .  Both l a k e s  a r e  c l a s s i f i e d  a s  o l i g o t r o p h i c  u s i n g  t h i s  
method,  a l t h o u g h  Crooked Lake i s  c l o s e r  t o  mesot rophy t h a n  
P i c k e r e l  Lake.  I n  compar i son  w i t h  o t h e r  l a k e s  i n  Cheboygan 
and Emmet C o u n t i e s ,  P i c k e r e l  and  Crooked Lakes r a n k  second  and 
f i f t h  h i g h e s t ,  r e s p e c t i v e l y ,  i n  w a t e r  q u a l i t y  o f  39 l a k e s  
i n v e s t i g a t e d  ( F i g .  1 2 ) .  
The above c r i t e r i a  c o n c e r n s  o n l y  t h e  n e a r - s u r f a c e ,  o f f -  
s h o r e  w a t e r s  o f  l a k e s .  U t t e r m ~ r k  and  Wall (1975) deve loped  
a  s u b j e c t i v e  l a k e  c o n d i t i o n  i n d e x  (LCI) t h a t  u s e s  e a s i l y  d e -  
t e c t a b l e  measures  o f  e u t r o p h i c a t i o n ,  many o f  which a r e  o b s e r v a b l e  
from t h e  s h o r e l i n e ,  i n c l u d i n g  p r e s e n c e  o r  a b s e n c e  o f  a l g a l  blooms 
and e x c e s s i v e  weed g r o w t h s .  Lakes a r e  r a t e d  on a  s c a l e  o f  0 - 2 3 ,  
h i g h e r  v a l u e s  i n d i c a t i n g  p o o r e r  (more e u t r o p h i c )  w a t e r  q u a l i t y .  
Al though t h e  L C 1  i s  n o t  s t r i c t l y  r e l a t e d  t o  t r o p h i c  s t a t e s ,  a 

r e a s o n a b l e  compar i son  between L C 1  and t r o p h i c  c l a s s i f i c a t i o n  
was o b t a i n e d  i n  Wiscons in  l a k e s  (Ut t e rmork  and Wal l ,  1 9 7 5 ) .  
Crooked and P i c k e r e l  Lakes were d e t e r m i n e d  t o  have L C 1  v a l u e s  
o f  7 and  5 ,  r e s p e c t i v e l y .  C o n s e q u e n t l y ,  b o t h  l a k e s  a r e  
c l a s s i f i e d  a s  m e s o t r o p h i c  by t h i s  method w i t h  Crooked Lake 
a g a i n  b e i n g  c l o s e r  t o  t h e  e u t r o p h i c  s i d e  of  t h e  t r o p h i c  spec t rum 
t h a n  P i c k e r e l  Lake ( F i g .  1 3 )  . 
N u t r i e n t  l o a d i n g  
I t  i s  i m p o r t a n t  t o  emphas ize  t h a t  n u t r i e n t  l o a d i n g  d e t e r m i n -  
a t i o n s  a r e  r e l a t i v e l y  new t o  s c i e n c e  a n d ,  t h e r e f o r e ,  t h e y  s t i l l  
a r e  l a r g e l y  e s t i m a t i o n s .  The v a l u e s  p r e s e n t e d  h e r e  a r e  con-  
s i d e r e d  t o  be t h e  b e s t  e s t i m a t i o n s  w i t h  t h e  a v a i l a b l e  d a t a  
f o r  Crooked and P i c k e r e l  Lakes and i n f o r m a t i o n  from t h e  l i t e r -  
a t u r e  on n u t r i e n t  l o a d i n g .  The g r e a t e s t  u n c e r t a i n t i e s  a r e  i n  
t h e  n u t r i e n t  c o n t r i b u t i o n s  from l a n d  c o v e r .  The amount o f  
n u t r i e n t s  a c t u a l l y - r e a c h i n g  t h e  l a k e s  from f o r e s t ,  a g r i c u l t u r a l ,  
and u r b a n  a r e a s  i s  d i f f i c u l t  t o  p r e d i c t  w i t h o u t  b e t t e r  know- 
l e d g e  o f  r u n - o f f  and  g roundwate r  f l o w  p a t t e r n s .  Use o f  s o i l s  
d a t a  h a s  improved o u r  a b i l i t y  t o  e s t i m a t e  n u t r i e n t  c o n t r i b u t i o n s  
from s e p t i c  s y s t e m s .  However, i m p o r t a n t  v a r i a b l e s  such  a s ,  
d i r e c t i o n  o f  g roundwate r  f l o w ,  s l o p e  o f  l a n d ,  age  and c o n d i t i o n  
o f  t h e  s e p t i c  s y s t e m ,  and i t s  d i s t a n c e  from t h e  l a k e s h o r e ,  were 
n o t  known and ,  c o n s e q u e n t l y ,  were n o t  u s e d  i n  t h e  n u t r i e n t  
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Fig. 13 Trophic classification of Crooked and Pickerel Lakes 
based on the lake condition index (LCI) of Uttormark 
and Wall (1975). 
c o n s i d e r e d  on t h e  s o i l  s u i t a b i l i t y  maps (Gold and  Gannon, 1 9 7 9 ) .  
E s t i m a t e s  o f  n u t r i e n t  l o a d i n g  from l a k e s i d e  lawn f e r t i l i z a t i o n  
were n o t  a v a i l a b l e  f o r  t h e  s t u d y  a r e a ,  b u t  t h i s  n u t r i e n t  s o u r c e  
i s  a t  l e a s t  p a r t i a l l y  i n c l u d e d  i n  t h e  c o e f f i c i e n t  f o r  n u t r i e n t  
e x p o r t  f rom u r b a n  l a n d  c o v e r .  
Phosphorus  l o a d i n g  was c o n s i d e r a b l y  h i g h e r  t o  Crooked Lake 
t h a n  t o  P i c k e r e l  Lake i n  1975-76 (Tab le  5 ) .  The d i s c h a r g e  o f  
n u t r i e n t - l a d e n  w a t e r  from t h e  Oden F i s h  H a t c h e r y  c o n s t i t u t e d  
t h e  m a j o r  man- induced s o u r c e  o f  phosphorus  t o  Crooked Lake,  
r e p r e s e n t i n g  1 4 . 1 %  o f  t o t a l  phosphorus  l o a d i n g .  C o n s i d e r i n g  
a l l  i n f l o w i n g  c r e e k s ,  t h e  s t r e a m  from t h e  f i s h  h a t c h e r y  c o n -  
t r i b u t e d  69% o f  t h e  phosphorus  d u r i n g  t h e  y e a r  and a s  h i g h  a s  
8 0 %  d u r i n g  Summer. S e p t i c  s y s t e m s  were a n o t h e r  m a j o r  human 
s o u r c e  o f  p h o s p h o r u s ,  r e p r e s e n t i n g  9 . 4 %  o f  t o t a l  phosphorus  
l o a d i n g .  I n  c o n t r a s t ,  s e p t i c  sys t ems  o n l y  c o n t r i b u t e d  4 . 0 %  o f  
t o t a l  phosphorus  l o a d i n g  t o  P i c k e r e l  Lake.  N u t r i e n t  l o a d i n g  
was h i g h e s t  from f o r e s t e d  l a n d s  i n  b o t h  l a k e s  s i n c e  t h e  g r e a t e s t  
p o r t i o n  o f  l a n d  i n  b o t h  w a t e r s h e d s  i s  wooded. 
Crooked Lake a l s o  r e c e i v e d  h i g h e r  q u a n t i t i e s  o f  n i t r o g e n  
t h a n  P i c k e r e l  Lake (Tab le  6 ) .  Major s o u r c e s  o f  n i t r o g e n  t o  
b o t h  l a k e s  were from f o r e s t s  and a g r i c u l t u r a l  l a n d s .  F i s h  
H a t c h e r y  and Minnehaha Creeks  were a l s o  i m p o r t a n t  s o u r c e s  o f  
n i t r o g e n  t o  Crooked Lake .  Because o f  t h e  h i g h e r  p r o p o r t i o n  o f  
n i t r o g e n  l o a d i n g  from l a n d  c o v e r ,  t h e  c o n t r i b u t i o n  o f  n i t r o g e n  
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t o  b o t h  l a k e s  from s e p t i c  s y s t e m s  was r e l a t i v e l y  m i n o r .  How- 
e v e r ,  n i t r o g e n  l o a d i n g  from s e p t i c  sys t ems  was f i v e  t i m e s  
h i g h e r  t o  Crooked Lake t h a n  P i c k e r e l  Lake.  
S i n c e  phosphorus  i s  t h e  l i m i t i n g  n u t r i e n t  f o r  p l a n t  growth 
i n  Crooked and P i c k e r e l  Lakes ,  phosphorus  l o a d i n g  i s  t h e  most 
c r i t i c a l  f a c t o r  t o  t h e  p r e s e n t  and f u t u r e  w a t e r  q u a l i t y  o f  
t h e s e  l a k e s .  The impor tance  o f  l a k e  morphometry,  i . e .  mean 
d e p t h  and w a t e r  r e s i d e n c e  t i m e ,  t o  t h e  s u s c e p t i b i l i t y  o f  l a k e s  
t o  phosphorus  l o a d i n g  h a s  been  d e v e l o p e d  i n t o  a  s i m p l e  model 
by V o l l e n w e i d e r  ( 1 9 7 5 ) .  When d a t a  f o r  Crooked a n d  P i c k e r e l  
Lakes a r e  p l a c e d  on t h e  V o l l e n w e i d e r  phosphorus  l o a d i n g  p l o t ,  
t h e  t r o p h i c  s t a t e  and p o t e n t i a l  r a t e  o f  e u t r o p h i c a t i o n  c a n  be  
a s s e s s e d  ( F i g .  1 4 ) .  Crooked and P i c k e r e l  Lakes a r e  b o t h  
c l a s s i f i e d  a s  o l i g o - m e s o t r o p h i c  by  t h i s  method,  w i t h  Crooked 
Lake s l i g h t l y  c l o s e r  t o  t h e  e u t r o p h i c  end o f  t h e  t r o p h i c  con-  
t inuum.  T h i s  i s  i n  agreement  w i t h  o t h e r  methods o f  t r o p h i c  
s t a t e  d e t e r m i n a t i o n s  t h a t  were d i s c u s s e d  p r e v i o u s l y .  Both 
l a k e s  a r e  below t h e  " p e r m i s s i b l e "  l o a d i n g  l e v e l  a s  d e t e r m i n e d  
by V o l l e n w e i d e r ,  i . e . ,  w a t e r  q u a l i t y  o f  b o t h  l a k e s  s h o u l d  n o t  
a p p r e c i a b l y  change g i v e n  t h e  phosphorus  l o a d i n g  l e v e l s  o f  
1975-1976.  However, Crooked Lake i s  n e a r l y  e x c e e d i n g  t h e  
" p e r m i s s i b l e "  l e v e l  a n d ,  t h e r e f o r e ,  may d e c l i n e  i n  w a t e r  
q u a l i t y  a t  a  s l i g h t l y  f a s t e r  r a t e  t h a n  P i c k e r e l  Lake ( F i g .  14 ) .  
Two e v e n t s  have o c c u r r e d  s i n c e  1975-1976 t h a t  a p p a r e n t l y  
have r e d u c e d  phosphorus  l o a d i n g  t o  Crooked Lake f rom human 

s o u r c e s .  Dwel l ings  on Crooked L a k e ' s  n o r t h  s h o r e  have been 
s e r v i c e d  b y  a  sewer  and c e n t r a l  sewage t r e a t m e n t  sys tem s i n c e  
F a l l ,  1976.  Consequen t ly ,  n u t r i e n t s  from was t ewa te r  t h a t  
f o r m e r l y  e n t e r e d  t h e  l a k e  from s e p t i c  sys tems have been d i v e r t e d  
o u t  o f  t h e  wa te r shed .  In  a d d i t i o n ,  t h e  Oden F i s h  Ha tche ry ,  
r e c o g n i z i n g  i t s  p o l l u t i o n  prob lems ,  changed i t s  f i s h  c u l t u r e  
o p e r a t i o n  t o  reduce  n u t r i e n t  l o a d i n g  t o  Crooked Lakes .  The 
lowermost raceways were c o n v e r t e d  t o  s e t t l i n g  ponds t o  a c t  
a s  n u t r i e n t  t r a p s  and a  d e c i s i o n  was made t o  s h i f t  t h e  h a t c h e r y  
from f i s h  p r o d u c t i o n  t o  brood s t o c k  ma in t enance .  
U n f o r t u n a t e l y ,  comprehensive  n u t r i e n t  budge t  d a t a  f o r  
1977 a r e  n o t  a v a i l a b l e  f o r  Crooked Lake and ,  t h e r e f o r e ,  t h e  
impact o f  t h e s e  changes  on w a t e r  q u a l i t y  improvement canno t  
be p r o p e r l y  a s s e s s e d .  However, l i m i t e d  d a t a  on phosphorus  
l o a d i n g  f rom t h e  f i s h  h a t c h e r y  w a s  o b t a i n e d  i n  Summer, 1977.  
I f  phosphorus  c o n t r i b u t i o n s  from p r e c i p i t a t i o n ,  o t h e r  c r e e k s ,  
and l a n d  cove r  a r e  assumed t o  be  t h e  same i n  1975 and 1977 ,  
t h e n  an i n d i c a t i o n  o f  t h e  amount o f  phosphorus  r e d u c t i o n  from 
e l i m i n a t i o n  o f  n o r t h  s h o r e  s e p t i c  sys tems  and changes  i n  f i s h  
h a t c h e r y  o p e r a t i o n s  can be o b t a i n e d .  The amount o f  phosphorus  
d i s c h a r g e d  from t h e  f i s n  h a t c h e r y  was n e a r l y  t h r e e  t imes  l ower  
i n  1977 t h a n  i n  1975.  S i m i l a r l y ,  i t  was e s t i m a t e d  t h a t  phos -  
phorus  from s e p t i c  sys tems was reduced  by a  f a c t o r  o f  t h r e e  
(Table  7 ) .  
Another e v e n t  i n  1977 s h o u l d  have had a  s l i g h t  e f f e c t  i n  
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phospha t e s  i n  d e t e r g e n t s  went i n t o  e f f e c t  t h roughou t  t h e  S t a t e  
o f  Michigan on October  1, 1977.  We e s t i m a t e  t h a t  t h e  phospha te  
ban shou ld  reduce  phosphorus  l o a d i n g  t o  s e p t i c  sys tems  by a b o u t  
3 4 % .  
CONCLUSIONS 
The p r e s e n t  w a t e r  q u a l i t y  o f  Crooked and P i c k e r e l  Lake 
i s  good. Both l a k e s  a r e  c l a s s i f i e d  a s  o l i g o - m e s o t r o p h i c  w i t h  
wa te r  q u a l i t y  s l i g h t l y  b e t i e r  (more o l i g o t r o p h i c )  i n  P i c k e r e l  
Lake t h a n  i n  Crooked Lake. 
Phosphorus i s  t h e  l i m i t i n g  n u t r i e n t  t o  p l a n t  growth i n  
b o t h  l a k e s .  Consequen t ly ,  t h e  r a t e  o f  change i n  w a t e r  q u a l i t y  
can l a r g e l y  be  i n f l u e n c e d  by c o n t r o l l i n g  phosphorus  l o a d i n g  r a t e s .  
We have l i t t l e  o r  no c o n t r o l  ove r  n u t r i e n t  i n p u t s  from n a t u r a l  
s o u r c e s  ( i . e . ,  p r e c i p i t a t i o n  on t h e  l a k e  s u r f a c e ,  r u n o f f  and 
groundwater  i n f l o w  from t h e  w a t e r s h e d ,  a q u a t i c  b i r d s ,  l e a v e s ,  
p o l l e n ,  e t c . ) .  However, n u t r i e n t  i n p u t s  from c u l t u r a l  s o u r c e s  
( i . e . ,  r uno f f  from r e s i d e n t i a l  and a g r i c u l t u r a l  l a n d ,  l a k e s h o r e  
lawn f e r t i l i z a t i o n  and sewage) can be  r educed .  T o t a l  phosphorus  
l o a d i n g  was w i t h i n  t h e o r e t i c a l  " p e r m i s s i b l e "  l i m i t s  f o r  b o t h  
l a k e s  i n  1975-76.  I n d i c a t i o n s  a r e  t h a t  a  r e d u c t i o n  i n  phosphorus  
l o a d i n g  from n o r t h  s h o r e  d w e l l i n g s  and t h e  Oden F i s h  Hatchery  
has  o c c u r r e d  on Crooked Lake s i n c e  1975-76.  The ban on phos -  
p h a t e s  i n  d e t e r g e n t s ,  t h a t  t ook  e f f e c t  i n  F a l l ,  1977 ,  
w i l l  a l s o  reduce  phosphorus  l o a d i n g  t o  b o t h  l a k e s .  
F u r t h e r  r e d u c t i o n s  i n  phosphorus  l o a d i n g  s h o u l d  be e n -  
couraged  t o  p r o t e c t  and m a i n t a i n  w a t e r  q u a l i t y  i n  t h e s e  l a k e s .  
Reduc t ion  i n  l a k e s h o r e  lawn f e r t i l i z a t i o n  and c o n s t r u c t i o n  o f  
l a k e s h o r e  g r e e n b e l t s  a r e  recommended. S e p t i c  sys tems  l o c a t e d  
on s o i l s  s u i t a b l e  f o r  o n - s i t e  was t ewa te r  t r e a t m e n t  s h o u l d  be 
p r o p e r l y  m a i n t a i n e d .  For  d w e l l i n g s  l o c a t e d  on s o i l s  u n s u i t a b l e  
f o r  o n - s i t e  sewage t r e a t m e n t ,  t h e  e c o l o g i c a l  and economic 
consequences  o f  any  was t ewa te r  management a l t e r n a t i v e s  s h o u l d  be  
c a r e f u l l y  c o n s i d e r e d .  
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APPENDIX A 
DATA USED IN ESTIMATING NUTKIENT LOADING 
TO CROOKED AND PICKEREL LAKES FROM 
SEPTIC SYSTEMS 
TABLE A - 1  . TOTAL PHOSPHORUS AND TOSL.AL NITROGEN EXPORT ( k g / k m 2 /  yr.  ) FROM LAND COVER. 
VALUES ARE MEANS FOR THE NORTH AND NORTHEAS'I'ERN U N I T E D  S T A T E S  (OMERNIK, 1 9 7 6 ) ,  AND 
WERE U S E D  IN THE CROOKED AND PICKEREL LAKES N U T R I E N T  LOADING C A L C U L A T I O N S .  
L a n d  C o v e r  
F o r e s t  
A g r i c u l t u r e  ( m o s t l y )  
U r b a n  
P h o s p h o r u s  N i t r o g e n  
TABLE A - 2 .  ESTIMATED PHOSPHORUS (P) AND NITROGEN (N) INPUTS FROM SEPTIC SYSTEMS 
TO CROOKED LAKE'S NORTH SHORE. IN 1975. 'I'HIS PORTION OF THE LAKE HAS BEEN 
SERVICED BY A SEWER SINCE 1976. 
S o i l  Type 
P e r c e n t  Reaching Lake Number o f  Dwel l ings  A r n t .  Reaching Lake 
p ( t )  N(%) Y - R  PY-R S P (kg /y r )  N ( k g / ~ r )  
Au Gres 
loamy sand  (AuB) 
Deford f i n e  




loamy sand  (KaB) 
Made l a n d  (Ma) 
Ro s common 
mucky sand  (Rc) 
Rubicon sand  (RUB) 
Tawas muck (Ta) 
Wet a l l u v i a l  
l a n d  (Wt) 
TOTAL 
* Y - R  i s  yea r - round  occupancy;  PY-R i s  p o s s i b l e  yea r - round  occupancy;  S  is  s e a s o n a l  
occupancy.  
TABLE A-3. ESTIMATED PtlOSPHORUS (P)  AND NITROGEN (N) INPUTS FROM SEPTIC SYSTEMS 
TO THE SOUTH SHORE OF CROOKED LAKE, INCLUDING ODEN ISLAND, IN 1975 .  THIS 
POR'TION OF 'THE LAKE CONTINUES TO BE SERVICED BY SEPTIC SYSTEMS. 
P e r c e n t  Reach ing  Lake Number of  D w e l l i n g s  A m t .  Reach ing  Lake 
S o i l  Type p ( % >  N(%)  Y-R PY-l? S  P ( k g / ~ r )  N ( k g / y r )  
Au Gres 
loamy s a n d  (AuB) 3 5  
Au Gres  s a n d  (ArB) 3 5  
Blue Lake 
loamy s a n d  (BlB) 65 
Blue Lake 
loamy s a n d  (BlF)  6  5 
B r e v o r t  mucky 
loamy s a n d  (Br )  5 5 
Bruce f i n e  
s a n d y  loam (By) 3 5  
Emmet s a n d y  loam (EmB) 25 
I o s c o  loamy 
f i n e  s a n d  ( I l B )  5 5 
Johnswood 
c o b b l y  loam (JoC) 2 5  
Ka lkaska  s a n d  (KaB) 25 
Ka lkaska  s a n d  (KaC) 2 5  
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BACKGROUND 
S e p t i c  sys tems  r e l y  on t h e  s o i l  t o  p u r i f y  domes t i c  w a s t e -  
w a t e r .  However, s o i l  t y p e s  v a r y  c o n s i d e r a b l y  i n  t h e i r  c a p a c i t y  
t o  e f f e c t i v e l y  t r e a t  was t ewa te r .  S e p t i c  sys tems  o p e r a t i n g  i n  
i l l - s u i t e d  s o i l s  can  be  a  t h r e a t  t o  p u b l i c  h e a l t h  and can 
have a d v e r s e  e f f e c t s  on w a t e r  q u a l i t y  o f  n e a r b y  l a k e s  and 
s t r e a m s .  S o i l  s u i t a b i l i t y  f o r  was t ewa te r  d i s p o s a l  i s  p r i m a r i l y  
de t e rmined  by s l o p e ,  p e r m e a b i l i t y ,  d e p t h  t o  s e a s o n a l  h i g h  
groundwater  l e v e l ,  and phosphorus  a d s o r p t i o n  c a p a c i t y .  Depth 
t o  bedrock can  a l s o  be a  f a c t o r  where o v e r l y i n g  s o i l s  a r e  e x -  
t r e m e l y  s h a l l o w .  One o f  t h e s e  v a r i a b l e s ,  o r  more l i k e l y  t h e  
i n t e g r a t i n g  i n f l u e n c e  o f  a  combina t ion  o f  them, may r e s t r i c t  
t h e  u s e  o f  o n - s i t e  was te  d i s p o s a l  by s e p t i c  s y s t e m s .  
S e p t i c  sy s t ems ,  i f  p r o p e r l y  d e s i g n e d  and c a r e f u l l y  i n s t a l l e d ,  
may f u n c t i o n  a d e q u a t e l y  on s i t e s  w i t h  s l o p e s  up t o  1 2 %  (F l a r sha l l ,  
1976 ) .  S lopes  up t o  15% grade  p r e s e n t  moderate  l i m i t a t i o n s  
f o r  was tewate r  d i s p o s a l  i f  e n g i n e e r i n g  m o d i f i c a t i o n s  o f  t h e  
d r a i n  f i e l d  such  a s  s e r i a l  d i s t r i b u t i o n  a r e  employed.  Systems 
on s e v e r e  s l o p e s  may e x p e r i e n c e  problems w i t h  p r e m a t u r e l y  
f a i l i n g  d r a i n  f i e l d s  o r  ponding e f f l u e n t .  I n s t a l l a t i o n  o f  
s e p t i c  sys tems  on s t e e p  s l o p e s  w i l l  r e q u i r e  a d d i t i o n a l  expense  
and a t t e n t i o n  t o  e l i m i n a t e  t h e  p o t e n t i a l  f o r  a c c e l e r a t e d  
e r o s i o n  and s e d i m e n t a t i o n .  
P e r m e a b i l i t y  i s  t h e  r a t e  a t  which w a t e r  moves t h r o u g h  t h e  
s o i l ,  and i s  a  major  c o n s i d e r a t i o n  i n  o n - s i t e  i n s p e c t i o n  f o r  
s e p t i c  sys tem p e r m i t s .  P e r m e a b i l i t y  u s u a l l y  changes  w i t h  
each  s o i l  h o r i z o n  and v a r i o u s  o n - s i t e  d i s p o s a l  sys tems  u s e  
d i f f e r e n t  h o r i z o n s  f o r  wastewater t r e a t m e n t .  Dra in  f i e l d  
t r e n c h e s  a r e  g e n e r a l l y  p l a c e d  two f e e t  below t h e  s u r f a c e ,  
which d i m i n i s h e s  t h e  impor tance  o f  s o i l  p e r m e a b i l i t y  above 
t h a t  l e v e l .  Mounds and r a i s e d  d r a i n  f i e l d s  deve loped  i n  
Wisconsin  r e l y  on t h e  p e r m e a b i l i t y  o f  t h e  s u r f a c e  s o i l  l a y e r s  
"v (Converse  e t  a l . ,  1 9 7 6 ) .  
Depth t o  s e a s o n a l  h i g h  groundwate r  i s  a  p r imary  con-  
s i d e r a t i o n  i n  o n - s i t e  a n a l y s i s  f o r  s e p t i c  t a n k  p e r m i t s .  The 
h i g h e s t  l e v e l s  o f  p u r i f i c a t i o n  a r e  ach i eved  when t h e  w a s t e -  
w a t e r  p a s s e s  t h r o u g h  u n s a t u r a t e d  s o i l s .  E f f l u e n t  moves 
t h r o u g h  s p a c e s  between s o i l  p a r t i c l e s ,  i n c r e a s i n g  t h e  c o n t a c t  
o f  t h e  e f f l u e n t  w i t h  t h e  s o i l  and i n c r e a s i n g  t h e  t ime  b e f o r e  
t h e  l i q u i d  r eaches4g roundwa te r  (Baker and Bouma, 1 9 7 5 ) .  Th i s  
enhances  t h e  p o t e n t i a l  o f  t h e  s o i l  f o r  phosphorus  a d s o r p t i o n  
and f o r  t h e  p h y s i c a l  s c r e e n i n g  o f  b a c t e r i a  (McCoy and Z i e b e l l ,  
1975) . Under s a t u r a t e d  c o n d i t i o n s ,  was tewate r  ' f lows t h rough  
t h e  l a r g e s t  s o i l  s p a c e s ,  min imiz ing  c o n t a c t  between t h e  e f f l u e n t  
and s o i l  p a r t i c l e s .  
Phosphorus a d s o r p t i o n  c a p a c i t y  d i f f e r s  w i t h  s o i l  t y p e s  
and i s  a  major  f a c t o r  i n  t h e  a b i l i t y  o f  a s o i l  t o  p u r i f y  
w a s t e s .  L imno log i ca l  d a t a  i n d i c a t e s  t h a t  phosphorus  i s  t h e  
l i m i t i n g  n u t r i e n t  f o r  a q u a t i c  p r o d u c t i v i t y  i n  Crooked and 
P i c k e r e l  Lakes (See P a r t  I o f  t h i s  r e p o r t ) .  S e p t i c  sys tems  
a r e  one s o u r c e  o f  phosphorus  l o a d i n g  t o  t h e  l a k e s .  
A s e r i e s  o f  o v e r l a y  maps have been p r e p a r e d  t o  p r o v i d e  
g u i d e l i n e s  f o r  f u t u r e  was t ewa te r  management p l a n n i n g  on t h e  
s h o r e l i n e s  o f  Crooked and P i c k e r e l  Lakes ,  Emmet County,  
Michigan.  The maps i n t e g r a t e  i n f o r m a t i o n  on s o i l  s u i t a b i l i t y  
and i l l u s t r a t e  t h e  c a p a c i t y  o f  t h e  l a n d  n e a r  t h e s e  l a k e s  t o  
p u r i f y  s e p t i c  sys tem e f f l u e n t .  An o v e r l a y  map d e p i c t i n g  
d e p t h  t o  bedrock  was n o t  c o n s t r u c t e d  s i n c e  bedrock  i s  n o t  
found c l o s e  t o  t h e  s u r f a c e  i n  t h e  s t u d y  a r e a .  When p r e s e n t l y  
e x i s t i n g  s e p t i c  sys tems  need r e p l a c i n g ,  new s e p t i c  sys tems  o r  
o t h e r  o n - s i t e  was t ewa te r  management a l t e r n a t i v e s  s h o u l d  be 
de s igned  t o  compensate f o r  any s i t e  s p e c i f i c  s o i l  l i m i t a t i o n s .  
Of c o u r s e ,  t h e  u s e  o f  t h e  o v e r l a y  maps shou ld  n o t  p r e c l u d e  
o n - s i t e  i n s p e c t i o n  f o r  s u i t a b i l i t y  o f  was t ewa te r  d i s p o s a l .  
METHODS 
Over lay  maps f o r  s l o p e ,  p e r m e a b i l i t y ,  d e p t h  t o  s e a s o n a l  
h i g h  groundwate r ,  and phosphorus  a d s o r p t i o n  c a p a c i t y  were 
p r e p a r e d ,  based  on development c a p a b i l i t y  c r i t e r i a  e s t a b l i s h e d  
by t h e  U .  S. S o i l  Conse rva t i on  S e r v i c e  (1966) and S c h n e i d e r  
and E r i ckson  (1972) . The c l a s s i f i c a t i o n  and d i s t r i b u t i o n  
o f  s o i l  t y p e s  i n  t h e  wa te r sheds  o f  Crooked and P i c k e r e l  Lakes 
were o b t a i n e d  from A l f r e d  e t  a l .  ( 1 9 7 3 ) .  
Loca t i on  o f  d w e l l i n g  u n i t s  i n  t h e  s t u d y  a r e a  was a c q u i r e d  
from Wil l i ams  and Works (1976)" .  On 2 0  Feb rua ry  1978 we 
v i s u a l l y  surveyed  t h e  d w e l l i n g s  w i t h i n  300 f e e t  o f  t h e  l a k e -  
s h o r e  t o  e s t i m a t e  t h e  number o f  permanent and s e a s o n a l  r e s i d e n c e s .  
Over t h r e e  f e e t  o f  snow e x i s t e d  on t h e  ground a t  t h e  t i m e  o f  
t h e  s u r v e y .  C r i t e r i a  used  t o  de t e rmine  y e a r - r o u n d  occupazcy  
* A t  l e a s t  e i g h t  a d d i t i o n a l  d w e l l i n g s  were b u i l t  s i n c e  1 9 7 6  
and were i n c l u d e d  on t h e  map. 
i n c l u d e d  r e c e n t l y  plowed d r i v e s ,  f r e s h  t i r e  t r a c k s ,  t r a s h  
c o n t a i n e r s ,  and chimney smoke. I n d i c a t i o n s  o f  o c c a s i o n a l  
occup.ancy were r e c o r d e d  a s  p o s s i b l e  s e a s o n a l  u s e  i n  w i n t e r .  
The phosphorus a d s o r p t i o n  c a p a c i t i e s  d e p i c t e d  on t h e  o v e r -  
l a y  map a r e  a s  f o l l o w s  (Schneider  and E r i c k s o n ,  1972) : 
Rate C l a s s  Pounds Der a c r e  i n  uDDer t h r e e  




Phosphorus a d s o r p t i o n  d a t a  were u n a v a i l a b l e  f o r  f o u r  s o i l  t ypes  
in t h e  s t u d y  a r e a .  The fo l lowing  e s t i m a t e s  were p rov ided  
by F o r r e s t  ( p e r s o n a l  communication*) : 
S o i l  S e r i e s  
Phosphorus 
A d s o m t i a n  C a ~ a e i t - 7  
Dighton S e r i e s ,  f i n e  s u b s o i l  v a r i a n t  High 
Saugatuck S e r i e s  High 
Johnswood S e r i e s  - High 
Blue Lake S e r i e s  Low 
The f o l l o w i n g  c h a r a c t e r i s t i c s  of  s l o p e ,  dep th  t o  s e a s o n a l  
h i g h  groundwater ,  and p e r m e a b i l i t y  a r e  d e p i c t e d  f o r  each  
r e s p e c t i v e  s o i l  p r o p e r t y  ( A l f r e d ,  e t  a l .  1973) :  
Depth t o  Seasonal  
S lope  High Groundwater P e r m e a b i l i t y  
' ( P e r c e n t )  ( f e e t )  ( i n c h e s  p e r  hour)  
0-6  > 4 6 . 3  - 2 0 . 0  
rt 
F o r e s t ,  Michael ,  S o i l  S c i e n t i s t ,  U .  S .  S o i l  Conserva t ion  
S e r v i c e ,  Gaylord ,  M I  4 9 7 3 5 .  
p e r m e a b i l i t y  v a l u e s  r e p r e s e n t  t h e  l o w e s t  r a t e  t h a t  o c c u r s  i n  
t h e  upper  f i v e  t o  s i x  f e e t  o f  s o i l .  
Each v a r i a b l e  i s  d e p i c t e d  on a  s e p a r a t e  t r a n s p a r e n c y  t h a t  
l i e s  on two b a s e  maps, one showing l o c a t i o n  o f  t o t a l  d w e l l i n g  
u n i t s  and t h e  o t h e r  i n d i c a t i n g  y e a r - r o u n d  r e s i d e n c e s .  I n c r e a s i n g  
d e g r e e s  o f  s h a d i n g  a r e  employed t o  i n d i c a t e  g r e a t e r  r e s t r i c t i o n  
imposed by each  v a r i a b l e  on development  and o n - s i t e  was t ewa te r  
d i s p o s a l .  When a l l  f o u r  t r a n s p a r e n c i e s  a r e  viewed t o g e t h e r ,  
g r e a t e r  r e s t r i c t i o n s  f o r  w a s t e w a t e r  d i s p o s a l  a r e  i n d i c a t e d  
by t h e  d a r k e s t  a r e a s . *  
A l i m i t e d  number o f  b o o k l e t s  (23" X 17") c o n t a i n i n g  t h e  
t r a n s p a r e n t  o v e r l a y s  and b a s e  maps were p r e p a r e d  and d e p o s i t e d  
a t  Emmet County governmenta l  o f f i c e s  and a t  t h e  U n i v e r s i t y  o f  
Michigan B i o l o g i c a l  S t a t i o n .  P r i n t s  o f  t h e  o v e r l a y s  on t h e  
ba se  map o f  yea r - round  r e s i d e n c e s  a p p e a r  i n  Appendix A .  
RESULTS AND DISCUSSION 
Dwel l ing U n i t s  
Based on o u r  v i s u a l  s u r v e y  and d a t a  from Wi l l i ams  and Works 
(1976) , -  we e s t i m a t e  t h a t  1 1 2  d w e l l i n g  u n i t s  a r e  l o c a t e d  w i t h i n  
300 f e e t  o f  t h e  s h o r e  on t h e  s o u t h  s i d e  o f  Crooked Lake and 
on Oden I s l a n d  and 134 on P i c k e r e l  Lake.  Approx imate ly  5 5 %  
o f  t h e s e  d w e l l i n g s  on Crooked Lake i n d i c a t e d  y e a r - r o u n d  occupancy .  
I n  c o n t r a s t ,  2 1 %  o f  t h e  r e s i d e n c e s  on P i c k e r e l  Lake appea red  
X 
Those s o i l s  e x h i b i t i n g  h i g h  g roundwate r  and r a p i d  p e r m e a b i l i t y  
may be  more l i m i t e d  i n  t h e i r  c a p a c i t y  t o  t r e a t  was t ewa te r  
t h a n  t h e s e  o v e r l a y s  a c t u a l l y  d e p i c t .  
t o  be  y e a r - r o u n d .  Frequency o f  y e a r - r o u n d  d w e l l i n g s  was e s p e c i a l l y  
low ( 1 0 % )  a l o n g  t h e  n o r t h  s h o r e  and a t  ~ o t s f o r d  Landing.  
S lope  
Emmet C o u n t y ' s  H e a l t h  Code does  n o t  specifically r e s t r i c t  on-  
s i t e  d i s p o s a l  sys tems  based  on s l o p e  c n a r a c t c r i s t i c s  (Michigan 
D i s t r i c t  H e a l t h  Department No. 3 ,  1 9 6 8 ) .  However, coun ty  s a n i t a r i a n s  
c o n s i d e r  s l o p e  i n  t h e i r  i n s p e c t i o n  o t  s u i t a b i l i t y  o f  a  s i t e  f o r  
s e p t i c  t r e a t m e n t .  2 
Gen t ly  s l o p i n g  t e r r a i n  c h a r a c t e r i z e s  most o f  t h e  s h o r e l i n e  o f  
Crooked and P i c k e r e l  Lakes and does  n o t  l i m i t  t h e  func t i on i f i g  of  
s e p t i c  sys tems  i n  most  o f  t h e  s t u d y  a r e a .  The o n l y  e x c e p t i o n  i s  
t h e  e a s t e r n  s i d e  of  Graham P o i n t  on Crooked Lake where s l o p e s  
g r e a t e r  t h a n  1 2 %  a r e  l o c a t e d .  
P e r m e a b i l i t y  
P e r m e a b i l i t y  o f  l e s s  t h a n  1 . 0  i n c h  p e r  hour  i s  c o n s i d e r e d  t oo  
s low t o  a l l o w  f o r  adequa t e  t r e a t m e n t  ( G o l d s t e i n  and Moberg, 1 9 7 3 ) .  
The Emmet County S a n i t a r y  Code r e q u i r e s  a  p e r m e a b i l i t y  r a t e  g r e a t e r  
t h a n  2 . 0  i n c h e s  p e r  hour  by t h e  p e r c o l a t i o n  t e s t  (Michigan D i s t r i c t  
H e a l t h  Depar tment  No. 3 ,  1 9 6 5 ) .  No r e s t r i c t i o n  i s  imposed on s o i l s  
w i t h  e x t r e m e l y  r a p i d  p e r m e a b i l i t y  ( i . e . ,  g r e a t e r  t h a n  10 i n c h e s  
p e r  h o u r ) .  However, c o a r s e  s o i l s  w i t h  v e r y  r a p i d  p e r m e a b i l i t y  
can  i n t r o d u c e  con t aminan t s  t o  g roundwate r .  
Approximate ly  o n e - h a l f  o f  t h e  d w e l l i n g  u n i t s  on t h e  s o u t h  
s h o r e  o f  Crooked Lake a r e  s i t u a t e d  on Au Gres s ands  and Thomas 
loamy s a n d s  ( A l f r e d  e t  a l . ,  1973) which have p e r m e a b i l i t y  t o o  
s low f o r  a d e q u a t e  s e p t i c  t r e a t m e n t .  Nine teen  r e s i d e n c e s  s o u t h e a s t  
of Graham P o i n t  a r e  l o c a t e d  on Johnswood cobbly  loam. 
The mode ra t e ly  slow p e r m e a b i l i t y  o f  t h i s  s o i l  t y p e  shou ld  be 
r e c o g n i z e d  when c o n s i d e r i n g  o n - s i t e  d i s p o s a l  a l t e r n a t i v e s .  
S i x t y  homes b o r d e r i n g  P i c k e r e l  Lake a r e  u n d e r l a i n  by 
s o i l s  w i t h  p e r m e a b i l i t y  below a l l  a c c e p t a b l e  s t a n d a r d s  f o r  
s e p t i c  t r e a t m e n t  ( G o l d s t e i n  and Moberg, 19 73) . Approximately  
o n e - h a l f  o f  t h e s e  homes, l o c a t e d  on E l l s w o r t h  P o i n t ,  a r e  
s i t u a t e d  on Saugatuck s ands  which have e x t r e m e l y  slow p e r -  
m e a b i l i t y  i n  t h e  upper  h o r i z o n s .  Kalkaska s ands  on t h e  s o u t h -  
e a s t  s h o r e  o f  P i c k e r e l  Lake e x h i b i t  p e r m e a b i l i t y  a d e q u a t e  f o r  
s e p t i c  t r e a t m e n t .  
Depth t o  Seasona l  High Groundwater 
S i t e s  w i t h  h i g h  groundwater  l e v e l s  (permanent  o r  s e a s o n a l )  
a r e  n o t  s u i t a b l e  f o r  s e p t i c  sys tem u s e .  The groundwate r  l e v e l  
d u r i n g  t h e  w e t t e s t  s ea son  s h o u l d  be  a t  l e a s t  f o u r  f e e t  below 
t h e  bottom o f  t h e  t r e n c h e s  i n  a  s u b s u r f a c e  t i l e  a b s o r p t i o n  
f i e l d  and f o u r  f e e t  below t h e  p i t  f l o o r  i n  a  f i e l d  u s i n g  s eepage  
p i t s  ( G o l d s t e i n  and Moberg, 1 9 7 3 ) .  E m e t  County r e q u i r e s  t h a t  
f i n i s h  g r ade  be a t  l e a s t  s i x  f e e t  above t h e  known h i g h  ground-  
w a t e r  l e v e l  ( D i s t r i c t  H e a l t h  Department No. 3 ,  1 9 6 8 ) .  The 
county  a l l o w s  some f i l l i n g  t o  o b t a i n  t h i s  d i s t a n c e . "  
Mounds may be u sed  f o r  s a f e  and e f f e c t i v e  d i s p o s a l  o f  
s e p t i c  t ank  e f f l u e n t  where d e p t h  t o  s e a s o n a l  h i g h  groundwate r  
l e v e l  i s  g r e a t e r  t h a n  two f e e t  from t h e  s u r f a c e  (Converse  e t  
a l . ,  1 9 7 6 ) .  Areas  w i t h  s e a s o n a l  h i g h  groundwater  l e v e l s  l e s s  
The s o i l s  o f  Emmet County have been i n t e r p r e t e d  t o  a  d e p t h  
o f  f i v e  f e e t  ( A l f r e d ,  e t  a l . ,  1 9 7 3 ) .  However, t h e  d e p t h  t o  
s e a s o n a l  h igh  groundwater  was n o t  r eco rded  i f  t h e  w a t e r  
t a b l e  was more t h a n  f o u r  f e e t  from t h e  s u r f a c e .  Knowledge 
of  s o i l  t y p e s  and d e p t h  o f  g roundwate r  t o  a t  l e a s t  s i x  f e e t  
below t h e  s u r f a c e  would be u s e f u l  f o r  o n - s i t e  was t ewa te r  
management d e c i s i o n s .  
t h a n  two f e e t  from t h e  s u r f a c e  a r e  s e v e r e l y  l i m i t e d  f o r  o n -  
s i t e  d i s p o s a l  ( G o l d s t e i n  and  Moberg, 1973) . 
Seasona l  h i g h  groundwate r  l e v e l s  o c c u r  w i t h i n  two f e e t  
o f  t h e  s u r f a c e  i n  most o f  t h e  l a k e s i d e  s o i l s  o f  Crooked and 
P i c k e r e l  Lakes .  Consequen t ly ,  adequacy o f  s e p t i c  t r e a t m e n t  
i s  s e v e r e l y  l i m i t e d  d u r i n g  p e r i o d s  o f  h i g h  groundwate r  f o r  t h e  
m a j o r i t y  o f  r i p a r i a n  d w e l l i n g  u n i t s .  No tab l e  e x c e p t i o n s  a r e  
t h e  Emmet sandy  loams on Oden I s l a n d  and  t h e  Kalkaska s ands  
u n d e r l y i n g  some o f  t h e  d w e l l i n g  u n i t s  on P i c k e r e l  L a k e ' s  
E l l s w o r t h  P o i n t  and  B o t s f o r d  Landing.  
Phosphorus  Adso rp t i on  C a p a c i t y  
The phosphorus  a d s o r p t i o n  c a p a c i t y  o f  most s o i l s  a round  
Crooked Lake i s  a d e q u a t e  f o r  s e p t i c  t r e a t m e n t .  However, Blue 
Lake loamy sand  and Roscomrnon muck, u n d e r l y i n g  a  few r e s i d e n c e s  
on t h e  s o u t h  s h o r e ,  and Emrnet s a n d s ,  under  most d w e l l i n g s  on 
Oden I s l a n d ,  have low phosphorus  a d s o r p t i o n  c a p a c i t i e s .  
Approximate ly  3 0 %  o f  t h e  d w e l l i n g s  on P i c k e r e l  Lake 
a r e  on Warners mucky loam,  Tawas muck, o r  Roscommon mucky 
sands  which e x h i b i t  low phosphorus  a d s o r p t i o n  c a p a c i t i e s .  
However, a d j a c e n t  i n l a n d  s o i l s  n e a r  t h e  s o u t h  s h o r e  c o n s i s t  
o f  Kalkaska s ands  w i t h  h i g h e r  phosphorus  a d s o r p t i o n  c a p a c i t i e s .  
CONCLUSIONS 
Most o f  t h e  d w e l l i n g  u n i t s  on t h e  s o u t h  s h o r e  o f  Crooked 
Lake a r e  l o c a t e d  on s o i l s  w i t h  c h a r a c t e r i s t i c s  s e v e r e l y  
l i m i t i n g  t h e i r  c a p a c i t y  t o  t r e a t  was t ewa te r  from c o n v e n t i o n a l  
s e p t i c  s y s t e m s .  High s e a s o n a l  groundwater  l e v e l s  a r e  t h e  
major  c o n s t r a i n t  a l o n g  most o f  t h e  s h o r e l i n e .  In  a d d i t i o n ,  
s o i l s  w i t h  low p e r m e a b i l i t y  r a t e s  u n d e r l y  a p p r o x i m a t e l y  one -  
h a l f  o f  t h e  e x i s t i n g  d w e l l i n g s .  Res idences  on Oden I s l a n d  
a r e  s i t u a t e d  on s o i l s  w i t h  some l i m i t a t i o n s  b u t  o n - s i t e  was t e  
t r e a t m e n t  such a s  mounds o r  o t h e r  i n n o v a t i o n s  c o u l d  be 
i n s t i t u t e d .  More t h a n  5 0 %  o f  t h e  d w e l l i n g s  on t h e  s o u t h  s h o r e  
o f  Crooked Lake and on Oden I s l a n d  a r e  y e a r - r o u n d .  Th i s  f a c t o r  
shou ld  be  c o n s i d e r e d  when r ev i ewing  was t ewa te r  management 
a l t e r n a t i v e s .  
Much o f  t h e  development s u r r o u n d i n g  P i c k e r e l  Lake i s  on 
s o i l s  n o t  c a p a b l e  o f  e f f e c t i v e l y  t r e a t i n g  s e p t i c  sy s t em w a s t e s .  
Seasona l  h i g h  groundwater  l e v e l s  a r e  a g a i n  t h e  major  c o n s t r a i n t ,  
a l t h o u g h  low p e r m e a b i l i t y  and phosphorus  a d s o r p t i o n  problems 
a l s o  e x i s t .  T h e r e f o r e ,  a l t e r n a t i v e  o n - s i t e  methods o f  w a s t e -  
* 
0 
w a t e r  d i s p o s a l  s h o u l d  be c o n s i d e r e d .  For example ,  a  l a r g e  
t r a c t  o f  Kalkaska s ands  l o c a t e d  s o u t h  o f  developments  a t  
B o t s f o r d  Landing and E l l s w o r t h  P o i n t  a r e  h i g h l y  s u i t a b l e  f o r  
o n - s i t e  was t ewa te r  t r e a t m e n t .  T h i s  method may n o t  be  f e a s i b l e  
on t h e  n o r t h  s i d e  s i n c e  o n l y  s m a l l ,  s c a t t e r e d  p a r c e l s  o f  s u i t -  
a b l e  s o i l s  a r e  a v a i l a b l e  t h e r e .  Holding t a n k s  f o r  pump-out 
d i s p o s a l  o f f e r  a  p o s s i b l e  o n - s i t e  a l t e r n a t i v e .  Only 2 1 %  o f  
t h e  d w e l l i n g s  around P i c k e r e l  Lake a r e  y e a r - r o u n d  r e s i d e n c e s .  
Th i s  f a c t o r  may i n f l u e n c e  t h e  c h o i c e  o f  was t ewa te r  management 
methods . 
The Crooked -P i cke re l  Channel a r e a  i s  one o f  t h e  l a r g e s t  
and most i m p o r t a n t  we t l ands  i n  t h e  wa te r shed  o f  Crooked and 
P i c k e r e l  Lakes .  S o i l s  i n  t h i s  a r e a  c o n s i s t  l a r g e l y  o f  Tawas 
and Carbondale  muck which e x h i b i t  s e r i o u s  l i m i t a t i o n s  t o  
development  and o n - s i t e  w a s t e w a t e r  d i s p o s a l .  The w e t l a n d  
f u n c t i o n s  a s  an i m p o r t a n t  b r e e d i n g  and n u r s e r y  ground f o r  
game f i s h  and o t h e r  a q u a t i c  o r g a n i s m s ,  p r o v i d e s  h a b i t a t  f o r  
game b i r d s  and  a n i m a l s ,  and p r o t e c t s  t h e  q u a l i t y  o f  s u r f a c e  
and  groundwate r  r e s o u r c e s .  Reta inment  o f  t h e  s o i l s  and 
v e g e t a t i o n  o f  t h e  C r o o k e d - P i c k e r e l  Channel  a r e a  i n  t h e i r  
n a t u r a l  c o n d i t i o n  i s  e c o l o g i c a l l y  sound and wor thy  o f  con -  
s i d e r a t i o n .  
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APPENDIX A 
Maps of the Crooked and Pickerel Lakes area, depicting 




F i g .  A - 3  Depth t o  s e a s o n a l  h i g h  groundwater  

F i g .  A - 5  A compos i t e  map o f  t h e  f o u r  v a r i a b l e s  t h a t  a f f e c t  s u i t a b i l i t y  o f  s o i l s  f o r  
o n - s i t e  w a s t e w a t e r  d i s p o s a l  



